Transcriptomics of Eucalyptus globulus and Eucalyptus grandis plantlets under temperature and carbon dioxide variation by Feltrim, Daniela, 1983-
  
 
 
 
UNIVERSIDADE ESTADUAL DE CAMPINAS 
INSTITUTO DE BIOLOGIA 
 
 
DANIELA FELTRIM 
 
 
 
Transcriptômica de plantas de Eucalyptus globulus e 
Eucalyptus grandis em resposta à variação de temperatura e 
CO2  
 
 
Transcriptomics of Eucalyptus globulus and Eucalyptus 
grandis plantlets under temperature and carbon dioxide 
variation 
 
 
 
 
 
 
Campinas 
2018 
  
 
 
 
Daniela Feltrim 
 
Transcriptômica de plantas de Eucaliptus globulus e 
Eucaliptus grandis em resposta à variação de temperatura e 
CO2  
 
Transcriptomics of Eucalyptus globulus and Eucalyptus 
grandis plantlets under temperature and carbon dioxide 
variation 
 
 
Tese apresentada ao Instituto de 
Biologia da Universidade Estadual de 
Campinas para obtenção do Título de 
Doutora na área de Genética e Biologia 
Molecular. 
Thesis presented to the Biology Institute 
of the University of Campinas as a 
partial fulfillment of requirements for the 
degree of Doctor, in the area of Genetics 
and Molecular Biology. 
  
Orientador: Prof. Dr. Paulo Mazzafera 
 
ESTE EXEMPLAR CORRESPONDE À VERSÃO FINAL 
TESE DEFENDIDA PELA ALUNA DANIELA FELTRIM, E 
ORIENTADA PELO PROF. DR. PAULO MAZZAFERA. 
 
Campinas 
2018 
 
Agência(s) de fomento e nº(s) de processo(s): CAPES
ORCID:  https://orcid.org/0000-0001-8310-1461
Ficha catalográfica
Universidade Estadual de Campinas
Biblioteca do Instituto de Biologia
Mara Janaina de Oliveira - CRB 8/6972
    
  Feltrim, Daniela, 1983-  
 F347t FelTranscriptômica de plantas de Eucalyptus globulus e Eucalyptus grandis em
resposta à variação de temperatura e CO2 / Daniela Feltrim. – Campinas, SP :
[s.n.], 2018.
 
   
  FelOrientador: Paulo Mazzafera.
  FelTese (doutorado) – Universidade Estadual de Campinas, Instituto de
Biologia.
 
    
  Fel1. Eucalipto. 2. Transcriptoma. 3. Temperatura. 4. Dióxido de carbono. I.
Mazzafera, Paulo, 1961-. II. Universidade Estadual de Campinas. Instituto de
Biologia. III. Título.
 
Informações para Biblioteca Digital
Título em outro idioma: Transcriptomics of Eucalyptus globulus and Eucalyptus grandis
plantlets under temperature and carbon dioxide variation
Palavras-chave em inglês:
Eucalyptus
Transcriptome
Temperature
Carbon dioxide
Área de concentração: Genética Vegetal e Melhoramento
Titulação: Doutora em Genética e Biologia Molecular
Banca examinadora:
Paulo Mazzafera
Carlos Alberto Labate
Michael dos Santos Brito
Sara Adrián López de Andrade
Adilson Pereira Domingues Júnior
Data de defesa: 30-08-2018
Programa de Pós-Graduação: Genética e Biologia Molecular
Powered by TCPDF (www.tcpdf.org)
  
Campinas, 30 de agosto 2018. 
 
 
 
COMISSÃO EXAMINADORA 
 
 
Prof. Dr. Paulo Mazzafera (Orientador) 
 
Profa. Dra. Sara Adrián López de Andrade 
 
Prof. Dr. Carlos Alberto Labate  
 
Prof. Dr. Michael dos Santos Brito 
 
Dr. Adilson Pereira Domingues Júnior 
 
 
 
 
Os membros da Comissão Examinadora acima assinaram a Ata de Defesa, 
que se encontra no processo de vida acadêmica do aluno. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Dedicatória  
 
Dedico esta tese aos meus pais, com amor, por todo suporte e incentivo que 
me proporcionaram durante este período.  
 
 
 
 
 
 
 
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Science, my lad, is made up of mistakes, but they are mistakes which it is 
useful to make because they lead little by little to the truth.”  
Jules Verne 
 
  
 
 
Agradecimentos  
 
 
Ao Prof. Dr. Paulo Mazzafera, pela orientação, pelos momentos de correção, 
por ser presente em todas as etapas desta tese, pelo exemplo de profissional e 
pessoa e por despertar nos alunos a curiosidade e vontade de aprender, 
MUITO OBRIGADA! 
Aos meus pais, pela atenção e amor incondicional durante todos estes anos de 
formação, por serem meu esteio emocional e pessoal, porto seguro, por 
acreditarem em mim, amo vocês! 
Aos amigos que fiz no departamento de Biologia Vegetal, especialmente ao 
Laboratório de Fisiologia Molecular de Plantas (LaFiMP). Obrigada por toda 
ajuda! 
Aos meus amigos de graduação, Maicon e Rafael, por todas as conversas, 
suporte e carinho. 
A todos que contribuíram para que esta tese fosse realizada. 
A Deus por me dar saúde e coragem para concretizar mais esta etapa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Resumo 
 
As mudanças climáticas globais afetam de forma direta os ecossistemas e 
podem diminuir a biodiversidade mundial. As plantas representam os maiores 
reservatórios naturais de carbono fixado na Terra e entender como estes 
fatores abióticos afetam sua fisiologia e composição é de grande importância 
para os anos vindouros. Os efeitos da alta temperatura e alto dióxido de 
carbono tem sido alvo de inúmeros estudos com espécies diversas, desde 
lenhosas como Pinus e Eucalyptus, até leguminosas como soja (Glycine max).   
Muitos aspectos fisiológicos como taxa fotossintética, biomassa, condutância 
estomática e comprimento de fibras têm sido explorados, porém não têm sido 
reportados trabalhos utilizando baixa temperatura associada ao alto dióxido de 
carbono. Utilizamos neste trabalho duas espécies de eucalipto. A primeira 
espécie, E. grandis, apresenta melhor desenvolvimento em temperatura mais 
altas e E. globulus é mais adaptada à climas frios. A qualidade de madeira 
também difere entre estas duas espécies. A primeira possui maior rendimento 
volumétrico a de outras espécies plantadas no país, mais fácil manuseio e o 
dobro de quantidade de celulose em relação à lignina. E. globulus possui 
caules mais finos e longos com propriedades mais adequadas para produção 
de papel, além de possuir maior quantidade de unidades siringil, resultando em 
maior rendimento de celulose por volume de madeira. Para alcançar nosso 
objetivo procuramos tratar as plantas por aproximadamente quatro semanas 
sob condições controladas de temperatura e CO2 e analisamos as alterações 
na expressão gênica destas duas espécies no caule, através de RNAseq. No 
Capítulo I foi dada atenção aos genes relacionados aos vários componentes da 
parede celular e fatores de transcrição associados. Uma pequena análise da 
partição de carbono entre sacarose e amido foi destacada e finalmente foi 
analisado o perfil dos oligômeros de lignina e a razão S/G. De maneira geral, 
foi possível detectar modificações transcricionais entre as duas espécies e 
entre os tratamentos de temperatura e concentração de dióxido de carbono. 
Este panorama utilizando baixa e alta temperatura associadas a um clima rico 
em dióxido de carbono permite entender melhor as respostas fisiológicas e 
gênicas que cercam a formação da madeira destas duas espécies de 
  
Eucalytpus e possivelmente de outras lenhosas. Além de explorar os dados 
dessa maneira, também estudamos a expressão de genes codificando para 
aquaporinas (Capítulo II) e genes relacionados com a produção de substâncias 
denominadas surfactantes (Capítulo III). Surfactantes são substâncias 
encontradas no xilema que impedem a formação de microbolhas, evitando 
assim a embolia, que leva à obstrução do fluxo da seiva, limitando a parte 
aérea de água. O estudo de aquaporinas se deu porque sob alta demanda 
transpiratória ocorre fluxo radial de água, dos tecidos vivos do caule para o 
xilema, diminuindo assim a possibilidade de embolia. Tanto no caso de 
surfactantes como no de aquaporinas verificamos aumento de expressão de 
genes específicos, indicando sua participação no controle da embolia em 
eucalipto.  
 
Palavras-chave: Eucalyptus, transcriptoma, temperatura, dióxido de 
carbono. 
  
Abstract  
 
The global climate changes affect directly the ecosystems and can diminish the 
world biodiversity. Plants represent the biggest natural reservoir of carbon on 
Earth and understanding how these abiotic factors would affect their physiology 
and composition is of great importance for the coming years. The effects of high 
temperature and high carbon dioxide concentration are the main subjects in 
numerous studies in many species, since woody plants like Pinus and 
Eucalyptus to leguminous like soybean (Glycine max). Many physiological 
aspects like photosynthetic rate, biomass, stomatal conductance, and fibers 
length are been explored, but there is no report of studies using low 
temperature and high carbon dioxide concentration. In this work, we used two 
Eucalyptus species. The first one, E. grandis is well adapted to high 
temperatures and E. globulus is better adapted to low temperature. Wood 
quality also differs between these species. The first one has higher volumetric 
yield compared to other Eucalyptus species cultivated in Brazil, better handling 
and higher cellulose content compared to lignin. E. globulus has thinner and 
longer stems which are more adequate to paper production, besides the higher 
siringil proportion resulting in a higher cellulose yield per volume of wood. To 
reach our goal we submitted plants to controlled temperature and carbon 
dioxide concentration during one month and a half and analyzed changes in 
gene expression. We put out effort in analyzing cell wall genes and associated 
transcription factors. A brief analysis was done in carbon partitioning between 
starch and sucrose and finally, we analyzed lignin oligomer profiling and lignin 
S/G ratio. Overall, it was possible to detect transcriptional modifications 
between these two species under different temperatures (10°C, 20°C and 30°C) 
and carbon dioxide concentrations (390 ppm and 700 ppm). Our hypothetical 
scenario using high and low temperature associated with a high carbon dioxide 
concentration allows us to better understand physiological and genic responses 
of wood formation in these two Eucalyptus species and possibly other woody 
plants. We also analyzed genes which code for aquaporins (Chapter II) and 
surfactants (Chapter III). Surfactants are found in xylem and prevent the 
formation of nanobubbles, which could obstruct the sap flow from root to leaves. 
  
Aquaporins play an important function under high transpiratory demand, where 
there is a radial flow of water from stem living tissues to xylem, avoiding 
embolism. We observed an increase in these genes possibly indicating that 
they play an important function in embolism control.  
 
Keywords: Eucalyptus, transcriptome, temperature, carbon dioxide. 
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INTRODUÇÃO GERAL 
 
Mudanças climáticas e seus efeitos 
 
 Modelos climáticos têm sido extensivamente propostos e metas têm sido 
estabelecidas para regular a temperatura e a concentração de gás carbônico 
na atmosfera em níveis aceitáveis para manutenção da vida terrestre (Hansen 
et al., 2012).  
 Recentemente em Paris foi realizada a Conferência das Nações Unidas 
para as Mudanças Climáticas (COP21). Algumas das resoluções tomadas 
foram: manter uma média de aquecimento global abaixo dos 2°C e articular 
medidas de emissão em longo prazo: um pico da emissão o mais rápido 
possível e uma neutralidade dos gases de efeito estufa na metade deste 
século. Estabeleceram que todos os países participantes devem se 
comprometer a reportar suas metas alçadas sobre as emissões e serem 
submetidos a revisões internacionais a cada 5 anos. Estabeleceram também 
que seriam destinados 100 bilhões de dólares por ano até 2025 para as causas 
de mudança climática (https://www.c2es.org/content/cop-21-paris/). 
Esforços têm sido feitos para entender como estas alterações 
atmosféricas afetariam as plantas em sua composição e fisiologia. Alguns 
estudos em lenhosas foram realizados e Pinus sylvestris apresentou aumento 
no comprimento das fibras, diminuição da concentração de hemicelulose e 
aumento na concentração de lignina frente à alta temperatura, porém em 
relação ao aumento de CO2 nenhum efeito foi detectado (Kilpelainen 2003). Em 
outro trabalho usando duas espécies de Eucalyptus, Ghannoum et al. (2010) 
mostrou que houve forte crescimento frente ao aumento da temperatura e CO2 
e ressaltou que isto deve ocorrer quando outros fatores como nutrientes e água 
não forem limitantes (Ceulemans and Mousseau, 1994; Lewis et al., 2013). 
Outro trabalho também utilizando Eucalyptus (Eucalyptus macrorhyncha e E 
rossii) mostrou haver uma fotoinibição nestas espécies sob aumento de CO2 
particularmente quando associado com alta temperatura (Roden and Ball, 
1996). Este fenômeno está associado a uma diminuição do transporte de 
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elétrons no processo fotossintético atrelado também a feedback negativo pelo 
excesso de carboidratos (Pammenter and Vander Willigen, 1998).  
 
Eucalipto 
 
As florestas ocupam cerca de 30% da superfície terrestre (FAO 2007) e 
são reservas de carbono, principalmente na forma de madeira (Sedjo, 1993). 
Elas possuem importante papel na conservação da diversidade biológica, 
renovação do oxigênio atmosférico, prevenindo a erosão do solo e servindo 
como suprimento de polpa e madeira (Rasmussen-Poblete et al., 2008). Esta 
madeira oriunda de florestas plantadas ou naturais é a base da energia 
renovável e sistema de produção industrial para produtos como a polpa e 
madeira destinada a construção. Este mercado tem destaque, pois movimenta 
cerca de 327 bilhões de dólares anuais (FAO, 2007).  Cerca de metade da 
produção madeireira mundial é proveniente de florestas plantadas. Culturas de 
rotação curta, como o eucalipto, servem à indústria de papel e polpa além de 
ser a base para novas indústrias, substituindo o uso de hidrocarbonetos fósseis 
para energia e produtos químicos industriais (Bozell et al., 2010). 
 O gênero Eucaliptus pertence à família Mirtaceae, a qual é composta de 
cerca de 600 espécies e subespécies, possui grande plasticidade fisiológica e 
ampla cobertura mundial (Moura et al., 2012). O eucalipto possui papel de 
importância em mais de cem países e ocupa uma área de cultivo de cerca de 
13 milhões de hectares (Moura, 2008). É o gênero mais utilizado na indústria 
do papel em regiões tropicais, subtropicais e em algumas regiões temperadas 
(Khristova et al., 2006). No Brasil, o eucalipto leva cerca de sete anos para ser 
colhido e requer poucas ações humanas. Pode ser cultivado em solos de baixa 
fertilidade, porém sem excesso de agua e requer pouco uso de defensivo 
agrícola.  Em áreas manejadas não causa impacto para a água do solo, pois 
suas raízes se mantem distantes do lençol freático. Os primeiros eucaliptos 
chegaram ao Brasil como planta ornamental em 1825 no Jardim Botânico do 
Rio de Janeiro (BRACELPA, 2010). Em 1986 a espécie começou a ser 
plantada para a produção de lenha e barragem contra o vento, inicialmente no 
estado do Rio Grande do Sul. Na antiga Companhia Paulista de Estradas de 
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Ferro o eucalipto era utilizado para alimentar as caldeiras das locomotivas, 
produzir postes, mourões e dormentes (BRACELPA, 2010). No primeiro mês 
de 2014, a produção brasileira de celulose cresceu 5,2% e a de papel 0,1%, na 
comparação com janeiro de 2013. Foram produzidas 1,3 milhões de toneladas 
de celulose e 874 mil toneladas de papel (BRACELPA, 2014). As exportações 
de celulose cresceram 50%, de 635 mil toneladas em janeiro de 2013 para 958 
mil toneladas em janeiro de 2014. Neste período foram exportadas 167 mil 
tonelada de papel, com crescimento de 0,6% ao mês. Como resultado, a 
balança comercial totalizou 686 milhões de dólares em janeiro, um aumento de 
27% sobre o mesmo mês de 2013. A China e Europa são os principais 
compradores da celulose brasileira, gerando 40% e 33% da receita com as 
vendas externas do produto, respectivamente.  A América do Norte participa 
com cerca de 18% (BRACELPA, 2014).  Acredita-se que até 2020, a demanda 
por produtos relacionados a papel e celulose cresça em cerca de 2,1% ao ano, 
sendo que um aumento mais significativo é esperado para os mercados 
asiáticos e países da América Latina (Szabo et al., 2009). A indústria nacional 
de papel e celulose investiu cerca de 12 bilhões de dólares em inovação, 
tecnologia e modernização nos últimos dez anos (BRACELPA, 2010). As 
condições climáticas favoráveis e o alto investimento em pesquisa e 
desenvolvimento contribuem para a alta produtividade brasileira. A área 
florestal brasileira necessária para produzir 1 milhão de tonelada de celulose é 
de 100.000 hectares, enquanto que nos países da península Escandinava, 
onde dois dos maiores produtores mundiais de celulose se encontram, são 
necessários 720.000 hectares (BRACELPA, 2010).  
Visando a diminuição da devastação das áreas de mata nativa e tendo 
como intuito incentivar o setor florestal do país, o governo brasileiro lançou em 
1965 uma política de incentivo fiscal para promover o cultivo de florestas de 
produção pelo país. As espécies de eucalipto apresentaram rápido 
crescimento, adquirindo mais biomassa em menos tempo quando comparadas 
às espécies nativas, o que tornou a cultura amplamente aceita no mercado 
nacional (Pereira, 2007). Atualmente, as florestas plantadas, formadas 
principalmente por eucaliptos, ocupam uma área de 6 milhões de hectares 
(BRACELPA, 2010). 
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Além do grande investimento biotecnológico, a alta produtividade 
brasileira se deve também ao clima e solo. A grande preocupação atual das 
empresas de papel e celulose é desenvolver variedades de eucalipto que 
resistam a mudanças climáticas e permitam ampliar a área plantada sem 
reduzir produtividade (FIBRIA, 2010). 
 
Parede celular  
A parede celular é uma estrutura complexa formada principalmente de 
diferentes tipos de polissacarídeos e compostos fenólicos, que lhe conferem 
resistência e ao mesmo tempo permitem com que a planta cresça e se 
desenvolva, além de conferir uma primeira barreira a patógenos. Ademais, a 
parede celular está constantemente em transformação, uma vez que novos 
polímeros são incorporados nesta estrutura ao longo do crescimento e 
desenvolvimento da planta. A parede primária contém principalmente celulose 
e hemicelulose como carboidratos, enquanto que a parede secundária presente 
nos tecidos vasculares é constituída por lignina, algumas proteínas, além de 
celulose e hemicelulose (Somerville et al., 2004).  
 
Celulose: Este biopolímero é o mais abundante constituinte da parede celular, 
sendo formado por cadeias de (1-4)β-D-glucano unidas através de pontes de 
hidrogênio e força de van der Walls, o que lhe constitui uma estrutura cristalina. 
A síntese da celulose ocorre na membrana plasmática por proteínas 
conhecidas como CesA (celulose sintase). Em Arabidopsis foram identificadas 
10 CesA, em milho 12, em arroz 9 e em cevada 8 (Taylor, 2008). Em 
Arabidopsis sabe-se que para a síntese da parede primária são necessários as 
proteínas AtCesA1, AtCesA3 e AtCesA6 (Persson et al., 2007), enquanto que 
para a parede secundária são necessárias AtCesA4, AtCesA7 e AtCesA8. É 
preciso que todas estas proteínas estejam presentes para a formação 
adequada do complexo. Foram identificadas outras proteínas que também 
participam da produção de celulose: KORRIGAN (KOR), COBRA (COB), 
KOBITO1 (KOB1) e uma proteína quitinase-like1 (CTL1). KOR é uma endo β-
(1-4)-glucanase e mutações no gene resultam em baixa síntese de celulose na 
parede primária e secundária  (Lane et al., 2001). COB é uma proteína glicosil 
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fosfatidil inositol localizada na porção extracelular da membrana plasmática. 
Mutações no seu gene causam baixa quantidade de celulose cristalina na 
porção de elongação da raiz, as microfibrilas apresentam distúrbios na 
orientação e há alteração na deposição das microfibrilas durante rápida 
elongação celular (Roudier, 2005). Mutação no gene CTL1 resulta em redução 
na elongação do hipocótilo estiolado e intumescimento da raiz (Reed et al., 
1998; Mouille et al., 2003). KOB1 também possui um importante papel na 
produção de celulose em plantas. Plantas com mutações em KOB1 
apresentam esterilidade, fenótipo anão e cerca de 33% menos celulose quando 
comparadas com plantas selvagens (Pagant et al., 2002). Fatores de 
transcrição como MYB e NAC são importantes na síntese da parede 
secundária em plantas e são regulados por fatores outros fatores, como SND1 
e NST1. Mutações nestes dois últimos fatores de transcrição resultam em 
redução da expressão de genes associados à síntese de parede secundária e 
perda dos três maiores constituintes da parede secundária, celulose, lignina e 
xilano (Mitsuda et al., 2007). 
Economicamente a celulose, ou a pasta de celulose, é principalmente 
usada na indústria de papel, necessitando um processo de remoção da lignina, 
que confere cor escura ao papel (Eucalyptus Online Book & Newsletter, 
capítulo 31).  
 
Pectina: É um complexo e diversificado grupo de polissacarídeos. Representa 
um dos maiores componentes da parede primária e na lamela média participa 
da adesão intercelular. A pectina facilita no deslizamento e extensão das 
fibrilas de celulose-glicanos, além de controlar a porosidade da parede. Ela é 
formada por açúcares ricos em ácido galacturônico: homogalacturonano 
(HGA), xylogalacturonano (XGA), apiogalacturonano, rhamnoglacturonano I 
(RGI) e rhamnoglacturonano II (RGII) constituído por cerca de 11 açúcares 
diferentes (Harholt et al., 2010; Cosgrove D.J., 2005). Acredita-se que os 
domínios da pectina são ligados por interações covalentes (Vincken et al., 
2003) e liguem-se aos xiloglucanos por ligações covalentes e não covalentes. 
O polissacarídeo homogalacturonano (HG) é o mais abundante, constituindo 
cerca de 65% da pectina. Alguns mutantes exemplificam a função da pectina 
18 
 
em processos fisiológicos. Mutantes quartet em Arabidopsis mostram 
micrósporos em tétrades, pois não se separam e isto se deve principalmente 
pelo fato de que a pectina não é degradada no processo e mantém a adesão 
intercelular (Rhee and Somerville, 1998). 
A pectina é um polímero altamente metil-esterificado.  O grau de metil-
esterificação afeta a parede celular em sua estrutura e propriedades e possui 
implicações em processos fisiológicos e resistência a patógenos (Lionetti et. al., 
2012). A mutação sku5 em Arabidopsis origina plantas com padrão anômalo de 
crescimento da raiz, resultado de uma mutação no gene da enzima pectina 
esterase, a qual representa um ponto de controle da junção e dissociação da 
matriz péctica (Willats et. al., 2001).  
 
Hemicelulose: Hemiceluloses formam um grupo heterogêneo de 
polissacarídeos da parede celular que possuem estrutura β (1→4) linked 
backbones, tendo como componentes xiloglucanos, xilanos, mananos, 
glucomananos e β(1→3,1→4)-glucanos. As hemiceluloses são sintetizadas por 
glicosiltransferases localizadas no complexo de Golgi e a principal estrutura 
dos xiloglucanos, mananos e β(1→3,1→4)-glucanos é sintetizada por membros 
da família celulose sintase-like, que compõem uma grande família de proteínas 
de membrana (Scheller et. al., 2010). 
A principal função das hemiceluloses é interconectar as cadeias de 
celulose, tornando as microfibrilas de celulose mais coesas, aumentando a 
rigidez da parede celular. Esta interação entre celulose e xiloglucanos ocorre 
por pontes de hidrogênio. Na parede secundária os xilanos ajudam a fortalecer 
a parede, o que foi demonstrado em mutantes deficientes em xilano (Scheller 
et. al., 2010). Estes mutantes apresentam xilema colapsado e crescimento e 
fertilidade afetados. Já os mananos são polissacarídeos envolvidos na 
estocagem de carbono em sementes e desempenham papel na sobrevivência 
delas, uma vez que mutações em genes para a biossíntese de mananos 
apresenta fenótipo letal do embrião em mutantes de Arabidopsis.  AtCSLA7 é 
amplamente expresso em Arabidpsis e necessário para a síntese de um 
polissacarídeo encontrado por toda a planta, possivelmente um xiloglucano.   
19 
 
“Mixed linkage” glucanos, que são estruturas [β-D-Glcp-(1 4)]n-β-D-Glcp-
(1 3)-[β-D-Glcp-(1 4)]m estão presentes em órgãos vegetativos, acumulando 
em tecidos novos (Christensen et al., 2010), mas também em tecidos maduros, 
como ramos e folhas, onde participariam no reforço e rigidez da parede (Vega-
Sánchez et al., 2013).  
As hemiceluloses de reserva de semente possuem importante papel na 
indústria de alimentos, como exemplo em Cyamopsis tetragonoloba (goma 
guar - galactomananos), goma de tamarindo (tamarind gum - xiloglucanos). 
Entretanto, em outros casos, β(1→3,1→4)-glucanos representam problemas na 
indústria cervejeira devido a sua viscosidade, afetando no processo de 
filtração. Neste caso, enzimas que degradam hemiceluloses são adicionadas 
(Scheller et. al., 2010). O processo de sacarificação na produção de 
biocombustível celulósico também é afetado pela presença de hemiceluloses, 
pois liberam pentoses que são pouco metabolizadas por microrganismos 
fermentadores. Uma substituição de xilanos por mananos seria uma alternativa, 
porém xilanos possuem papel importante em vasos e estão ligados a ligninas, 
dificultando a alteração (Pauly et al., 2008).  
 
Lignina: Após celulose, lignina é o composto orgânico mais abundante no 
planeta. A lignina é composta por subunidades denominadas monolignóis, 
sendo eles apenas três: p-hidroxifenil, guaiacil e siringil. Sua deposição ocorre 
durante a formação da parede secundária e confere à planta maior rigidez, 
facilitando o transporte de água e solutos pelo sistema vascular, pois é 
hidrofóbica, além de conferir uma barreira contra patógenos (Boerjan et al., 
2003). A lignina é considerada uma inovação evolutiva que permitiu as plantas 
conquistarem o meio terrestre. A distribuição dos monolignóis varia entre 
angiospermas e gimnospermas. Angiospermas são constituídas principalmente 
de unidades guaiacil e siringil, enquanto que gimnospermas constituem-se de 
unidades guaiacil e traços de p-hidroxifenil. 
A primeira etapa da biossíntese de lignina consiste em produzir os 
álcoois que formaram os precursores monolignóis. Esta etapa inicia-se com a 
desaminação da fenilalanina a ácido transcinâmico, via fenilalanina amônia-
liase (Persson et al., 2007). A via é relativamente conservada em plantas, mas 
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com algumas variações entre elas. A Figura 1 traz a via principal de biossíntese 
de monolignóis em plantas (Cesarino et al. (2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 1. Via metabólica para a biossíntese dos três monolignóis: álcool p-
coumaril, coniferil, e sinapil. Após serem produzidos no citoplasma, os monolignóis são 
transportados para a parede celular onde serão oxidados pelas peroxidases e/ou lacases antes 
de serem incorporados ao polímero. Quadrados duplos representam o ambiente da parede 
celular e o box cinza-escuro indica as unidades de lignina incorporadas no polímero: H (p-
hidroxifenil), S (siringil) e G (guaiacil). Abreviações dos genes: PAL (fenilalanina amônia-liase); 
C4H (cinamato 4-hidroxilase); 4 Cl (4-coumarato-CoA ligase); C3H (p-coumarato 3-hidroxilase); 
HCT (p-hidroxicinamoil-CoA: quinato shikimato p-hidroxicinamoiltransferase); CCoAOMT 
(cafeoil-CoA O-metiltransferase); CCR (cinamoil-CoA redutase); F5H (ferulato 5-hidroxilase). 
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Figure 1. Metabolic pathway for the biosynthesis of the three monolignols: p-coumaryl, coniferyl, and sinapyl alcohols. 
After produced in the cytoplasm, monolignols are transported to the cell wall where they will be oxidized by per xidases 
and/or lacc ses prior to their incorporation into th  polymer. Double squares re r sent the c ll wall environment and the dark 
grey box ind cates lignin units incorporated into the polymer: H (p-hydroxyphe yl), S (syringyl) and G (guaiacyl). Gene 
abbreviations: PAL (phenylalanine ammonia-lyase); C4H (cinnamate 4-hydroxylase); 4CL (4-coumarate-CoA ligase); C3H 
(p-coumarate 3-hydroxylase); HCT (p-hydroxycinnamoyl-CoA: quinate shikimate p-hydroxycinnamoyltransferase); CCoAOMT 
(caffeoyl-CoA O-methyltransferase); CCR (cinnamoyl-CoA reductase); F5H (ferulate 5-hydroxylase); COMT (caffeic acid 
O-methyltransferase); CAD (cinnamyl alcohol dehydrogenase).
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COMT (acido cafeico O-metiltransferase); CAD (cinamoil álcool desidrogenase).Fonte: 
Cesarino et al. (2012). 
Um complexo processo de regulação gênica controla a via de formação 
de lignina. Nela se destacam genes reguladores máster e fatores de 
transcrição que atuam em conjunto ou separadamente. As principais classes 
de reguladores desta via são os fatores MYB (MYELOBLASTOSIS) e NAC 
(NAM/ATAF/CUC).  
Os fatores MYB se ligam a elementos AC na região promotora das 
enzimas da síntese de lignina, como PAL, 4CL, C3H (p-coumaroil-shikimato 3-
hidroxilase), CCoAOMT (cafeoil CoA 3-O-metiltransferase), CCR e CAD. Uma 
exceção ocorre com o gene ferulic acid 5-hydroxylase (F5H), envolvido na 
formação da unidade siringil (Zhao et al., 2011). 
Dentre os fatores de transcrição NAC, NST1, NST2 e SND1 (NST3) 
regulam os fatores MYB46 e MYB83. Duplo mutantes para os genes AtNST1 e 
AtNST3 dão origem a plantas viáveis, ao passo que mutações em AtMYB46/83 
impedem desenvolvimento após as primeiras folhas. AtMYB61 causa 
lignificação ectópica quando super-expresso, como observado nos mutantes 
det3 (de-etiolated 3) (Newman et al., 2004). Os fatores AtMYB85, AtMYB58 e 
AtMYB63 em Arabidopsis são lignina-específicos ao invés de controlarem a via 
de formação da parede secundária de uma forma mais geral (Zhong et al., 
2008). Outros fatores de transcrição reprimem a via de formação da lignina 
como AmMYB308 e AmMYB330. Quando superexpresso, AmMYB308 diminui 
a quantidade de transcritos das enzimas C4H, 4 CL e CAD (Tamagnone et al., 
1998). 
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Figura 2. Diagrama da rede regulatória transcricional que controla a biossíntese da 
parede secundária, incluindo dados de Arabidopsis, milho, arroz e videira. Durante a 
diferenciação de traqueídeos, sinais posicionais e gradientes hormonais incitam reguladores 
máster a ativar uma cascata de fatores de transcrição abaixo na via que regulam de forma 
coordenada a produção de constituintes da parede celular. A sinalização por miRNA determina 
a diferenciação da parede celular inibindo o regulador positivo HD-ZIPIII dos reguladores 
máster da parede celular secundária como o membro AP2/ERF AtSHN1 e muitos membros da 
família NAC. Estudos de mutação e superexpressão em Arabidopsis revelaram uma ativação 
hierárquica das famílias de fatores de transcrição MYB e LOB alguns dos quais (ex. ATMYB32) 
se retroalimentam em loop regulatório negativo (Wang et al., 2010). Pode haver também 
regulação cruzada entre fatores de transcrição que regulam o conteúdo de celulose/xilano e 
lignina na parede secundária mas os alvos diretos de muitos destes fatores permanecem 
desconhecidos e possivelmente mudam dependendo de qual co-regulador está presente. 
Finalmente fatores bióticos e abióticos desencadeiam a biossíntese de lignina por processos 
desconhecidos. Abreviações: TDIFs, fatores inibitórios de elementos traqueários de 
diferenciação; miR165, AT1G01183; SHN1, AT1G15360; VND1-7, fatores de transcrição 
vascular-related NAC-domain (AT2G18060, AT4G36160, AT5G66300, AT1G12260, 
AT1G62700, AT5G62380,AT1G71930); VIN2, VND-interacting-2 (AT5G13180); XND1, xylem 
NAC domain 1 (AT5G64530); NST1/3, NAC fatores 1 e 3 de promoção do espessamento de 
parede secundária (AT2G46770, AT1G32770); 
AtMYB4,7,20,32,43,46,52,54,58,63,69,83,85,103 (AT4G38620, AT2G16720, AT1G66230, 
AT4G34990, AT5G16600, AT5G12870, AT1G17950, AT1G73410, AT1G16490, AT1G79180, 
AT4G33450, AT3G08500, AT4G22680, AT1G63910); KNAT7, knotted-like homeobox de 
Arabidopsis thaliana 7 (AT1G62990); SND2 e 3, proteínas 2 e 3 de domínio NAC-associado a 
parede celular secundária (AT4G28500, AT1G28470); LBD18 and 30, LOB (limite de órgão 
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lateral) contendo domínio de proteínas 18 e 30 (AT1G73410, AT4G00220). Fonte: Gray et al. 
(2012) 
 
A biossíntese da lignina tem sido alvo de intenso estudo, pois este 
polímero interfere negativamente na produção de papel e obtenção do 
bioetanol de segunda geração. Para obtenção de papel de qualidade é 
necessário que a lignina seja retirada da polpa por meio de processos químicos 
que utilizam reagentes tóxicos que caso descartados de forma apropriada 
podem trazer danos ao ambiente. Além disso, pelo fato de alguns produtos 
serem corrosivos, o processo de deslignificação tem custo significativo. A 
massa lignocelulósica da parede celular, cujos açúcares (celulose e 
hemicelulose) são posteriormente fermentados para produção de bioetanol 
também é afetada pela presença da lignina (Chen et al., 2007). A utilização da 
biotecnologia para produção de variedades cujo teor de lignina seja menor ou 
modificado de maneira a conter maiores unidades siringil, fáceis de serem 
extraídas, possibilitará obter maior biomassa e consequentemente maior 
rendimento na indústria. Tecidos ricos em unidade G possuem uma lignina 
mais interconectada quimicamente, apresentando uma grande proporção de 
ligações bifenil e carbono-carbono, enquanto que a lignina contendo unidade S 
é menos condensada, unida através de ligações éter, que são mais lábeis na 
posição 4-hidroxifenil (Ferrer et al., 2008). Grupos metoxi adicionais no 
monômero de lignina resultam em menores combinações possíveis durante a 
polimerização devido a menor disponibilidade de sítios reativos. 
Consequentemente, lignina rica em unidades S é mais facilmente 
despolimerizada do que a lignina rica em unidades G (Ziebell et al., 2010). 
 
2. Justificativa  
Apesar de muitos trabalhos explorarem os efeitos de alta temperatura e 
alto dióxido de carbono, pouco ou nenhum trabalho até o momento procurou 
combinar alta e baixa temperatura com alto CO2 em arbóreas. Devido a grande 
importância econômica que o Eucalipto representa na economia brasileira e 
mundial e por ser uma lenhosa, duas espécies de eucalipto foram escolhidas 
para realização deste trabalho, Eucalyptus grandis e Eucalyptus globulus. 
Ambas possuem diferenças fisiológicas marcantes e qualidade de madeira 
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distinta. A primeira e seus híbridos estão entre os genótipos mais plantados em 
solo brasileiro e são bem adaptadas a climas tropicais. A segunda é sensível à 
alta temperatura e a qualidade de sua madeira é superior, representando 
menor recalcitrância devido a maior quantidade de unidades S de lignina. Para 
alcançar nossos objetivos serão utilizadas técnicas avançadas de 
sequenciamento de RNA e estudos de metabolômica em plantas de E. grandis 
e E. globulus após tratamento e o resultado destas análises será integrado de 
maneira a entender o controle do crescimento, deposição e vias metabólicas de 
síntese de celulose e lignina, além dos outros polímeros da parede celular. 
Futuramente, um panorama mais completo das respostas fisiológicas das 
plantas fornecerá bases científicas que permitirão desenvolver novas 
variedades melhor adaptadas às novas condições ambientais destes anos 
vindouros, ao mesmo tempo em que possuam qualidades essenciais na 
obtenção de grandes quantidades de celulose e lignina mais facilmente 
extraível, importantes fatores para a produção de papel.  
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Capítulo 1 
 
 
Gene identification of the main 
polymers involved in cell wall 
formation in Eucalyptus 
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Objetivos – Capítulo 1  
 
Estudar os efeitos de baixa e alta temperatura associados ao dióxido de carbono nos 
principais polímeros que constituem a madeira em Eucalyptus.  
As seguintes etapas foram realizadas: 
 
1. Submeter as plantas das duas espécies (Eucalyptus globulus e Eucalyptus 
grandis) ao tratamento por temperatura e alta concentração de dióxido de 
carbono. 
2. Sequenciamento das amostras a obtenção dos genes diferencialmente expressos. 
3. Mineração de dados e interpretação dos resultados 
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Effects of low and high temperatures associated with high carbon dioxide 
concentration on cell wall composition and remodeling 
 
Abstract 
 
Cell wall biosynthetic genes and sugars that compose this intricate matrix 
of biopolymers are of major importance to understand wood properties and 
plant development. In a changing climate scenario, it is of great interest to know 
how plants will respond and change the wood structure and carbon partitioning. 
Here we used the stem of Eucalyptus grandis and Eucalyptus globulus, two 
economically important species and analyzed genes that control cell wall 
biosynthesis and remodeling as well as some aspects of plant carbon 
partitioning using RNAseq approach and sugar analysis. Plants were 
maintained for 35 days in two temperature regimes (10-12°C – low temperature 
- and 33-35°C - high temperature) and two carbon dioxide concentration (390 
ppm and 700 ppm, normal and high concentration, respectively).E. globulus 
showed a stronger response in our treatments compared to E. grandis. Using 
gene ontology it was possible to observe that biological processes like stress, 
secondary metabolism, hormonal response, and signaling were fully 
represented. A brief view of transcriptional regulation was also described and 
hormonal response. In general, an exhaustive exploration usually takes into 
account only high temperature and high carbon dioxide concentration. Here we 
explored low and high temperature associated to high carbon dioxide 
concentrations and found that both species responded differently to these 
treatments and offered a broader view of Eucalyptus wood composition and 
possible candidates to explore in future works.  
 
Keywords: transcriptome, Eucalyptus, cell wall, sugar, wood 
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Introduction 
 
The world climate change has been a matter of concern in the scientific 
community and the general population and great effort have been made to 
control the hazardous effects of high temperature and CO2 in the atmosphere 
(Hansen et al., 2012; Leakey et al., 2009). The last conference in Paris 
reestablished the increase in global surface temperature below 2oC (Tschakert, 
2015). Regarding CO2, studies show that atmosphere concentration tends to 
double by the year 2100 (Roden and Ball, 1996). Forests are carbon reservoir 
on Earth, accounting for 19% of the total carbon assimilated (Karsenty et al., 
2003). Eucalyptus is a woody plant native from Australia with more than 700 
species in the genus. Fewer species also occur in Papua New Guinea, 
Indonesia, East Timor and Philippines (Cernusak and Hutley, 2011). Eucalyptus 
in the main planted forest in Brazil and the wood is mainly used by the cellulose 
and timber industry, and recently for second-generation bioethanol (Myburg et 
al., 2014). Subtropical E. grandis and temperate E. globulus are important 
species of breeding programmes worldwide and the first E. grandis draft 
genome was released in 2014 (Myburg et al., 2014).  
Wood is formed by the differentiation of cells produced by vascular 
cambium that undergo a series of developmental processes like division, 
expansion, deposition of the secondary cell wall and lignification (Larson, 1994). 
All these processes need energy (carbon) and the supply of C is provided 
mainly by the sucrose unloaded from phloem, although some sucrose may 
come from the ray parenchyma, which will form the xylem (Deslauriers et al., 
2009; Giovannelli et al., 2011). Higher amounts of nonstructural carbohydrates 
are found in the cambium near the unloading sites of phloem compared to the 
outer forming xylem vessels (Deslauriers et al., 2016). During wood 
development, cells of the ray parenchyma need sucrose to decrease water 
potential and expand in volume and, afterward, it will be a substrate for cell wall 
synthesis (Koch, 2004).   
The effects of high temperature and high CO2 concentration on woody 
plants has been studied in several works (Crous et al., 2011; Kilpeläinen et al., 
2003) but little has been made to understand the combined effects (high and 
low temperature and high CO2) regarding to carbon metabolism and main cell 
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wall composition (Delucia et al., 1985; Leakey et al., 2009), especially in 
Eucalyptus. Ghannoum et al. (2010) studied the effect of high temperature and 
high CO2 in two species of eucalyptus (E.sideroxylon and E.saligna). They 
found that Asat (light-saturated photosynthesis) doubled in high CO2 (650 ppm) 
and stimulated Jmax (maximal electron transport) by 10%. Considering that 
nutrient and water supply are not limited, plant photosynthesis is expected to 
strongly increase under elevated CO2 and temperature. This result corroborates 
another work by the same author (Ghannoum et al., 2010a)  that showed a 
faster growth under elevated CO2 (600 ppm) and high temperature (30°C) with 
these same species.  
Crous et al (2013) showed in E.globulus that biochemical components of 
photosynthesis (maximum carboxylation (Vcmax) and maximum electron 
transport) (Jmax), had reduced rates in response to increased temperature in 
summer, despite been well watered. In contrast, when the temperature got 
seasonally colder, there was an adjustment of the temperature optimum in 
winter. The ability to cope with warming places was also tested in two widely 
distributes species, E.grandis e E.tereticornis (Drake et al 2015) from different 
provenances. They showed that species with a cooler origin responded to 
warming increasing their photosynthetic capacity and total leaf area, with an 
enhanced growth of 20-60%. In contrast, warm-origin taxa seem to be 
negatively affected.  
Aspinwall et al. (2016) studied the effects of elevated CO2 and 
temperature in many genotypes of E. camadulensis. They observed that 
genotypes that showed increased total dry mass at elevated CO2 also had 
increased root mass fraction and photosynthetic nitrogen-use efficiency.  
When Eucalytpus are exposed to phosphorous-poor soil, they only 
increased Anet in 19% when exposed to high CO2 concentration for 3 years 
(Ellsworth et al., 2017). Regarding water supply, Duan et al. (2013) showed that 
the effects of elevated CO2 and temperature in Eucalyptus were suppressed 
under drought conditions.  
Wood anatomy and density are important parameters to be considered in 
Eucalyptus during temperature enhancement since wood quality interferes in 
timer economic value (Macdonald and Hubert, 2002). E. globulus grown under 
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high temperature (35°C) changed mass and reduced lumen transverse area 
within the stem. The carbon sink strength was altered (Al – Leaf CO2 
assimilation rate and leaf area), consequently, woody components of the shoots 
(stems and branches) rather than the leaves received a larger proportion of the 
extra biomass. Radial stem growth and volume were also altered due to 
changing in the rate of cell division (Thomas et al., 2007).  
Wood is formed by the differentiation of cells produced by vascular 
cambium that undergo a series of developmental processes like division, 
expansion, deposition of the secondary cell wall and lignification (Larson, 1994). 
All these processes need energy (carbon) and the supply of C is provided 
mainly by the sucrose unloaded from phloem, although some sucrose may 
come from the ray parenchyma, which will form the xylem (Deslauriers et al., 
2009; Giovannelli et al., 2011). Higher amounts of nonstructural carbohydrates 
are found in the cambium near the unloading sites of phloem compared to the 
outer forming xylem vessels (Deslauriers et al., 2016). During wood 
development, cells of the ray parenchyma need sucrose to decrease water 
potential and expand in volume and, afterward, it will be a substrate for cell wall 
synthesis (Koch, 2004).   
The control of xylogenesis in Eucalyptus is not well understood. Paux et 
al. (2004) used functional genomics to construct a subtractive library to find 
genes involved in wood formation in Eucalyptus. They found mainly auxin 
genes and cell wall biosynthetic genes and remodeling.  
Foucard et al (2006) constructed a subtractive library and found genes 
specifically expressed in the xylem: hormone signaling and metabolism, 
secondary cell wall thickening and proteolysis, which are part of the last step of 
xylogenesis.   
The Eucalyptus grandis genome release (Myburg et al., 2014) also 
presented genes highly and specifically expressed in xylem tissue: genes 
involved in sucrose catabolism, SUSY (sucrose synthase) and INV (invertase) 
for UDP-glucose formation, genes involved in cellulose and xylan biosynthesis. 
They found that two sucrose synthase 4 homologous (Eucgr.C03199 and 
Eucgr.C00769) account for 70-80% of total sucrose synthase expression.  
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A recent work with E.tereticornis (Dharanishanthi and Dasgupta, 2016) 
resulted in several co-expression networks with major players in wood 
development. The main clusters classified by GO enrichment were: an intrinsic 
component of the plasma membrane, membrane-related function, hormone 
signaling, lignin biosynthetic process, and sugar metabolism. They also 
highlighted that photoperiod, nutrient availability, moisture content and 
temperature are also important components in wood formation (Dharanishanthi 
and Dasgupta, 2016). These results reinforce that wood formation is complex, 
controlled by in numerous families of genes.   
In this work, we generated an expression profile (RNAseq) of young 
plants of Eucalyptus, E. globulus and E. grandis growing in two regimes of 
temperatures (10°C and 30°C) and two carbon dioxide concentrations (300 ppm 
and 700 ppm). Several genes related to cell wall synthesis and remodeling were 
found as well as transporters, carbon partitioning, and transcriptional regulators. 
To our knowledge, this is the first report investigating the combined effect of low 
and high temperature associated with a higher concentration of CO2.  
 
 
Material and methods  
Plant material and growth conditions 
 
Six-months-old plantlets of Eucalyptus grandis and E. globulus (clonal 
seedlings produced from seeds from Sementes Caiçara – Brazil, 
www.sementescaicara.com) were used in this experiment. They were grown in 
plastic pots (1 L containing a mixture of soil and vermiculite, 2:1, V/V) and 
maintained under greenhouse conditions with a mean air temperature of 25°C 
and a relative humidity of 73%. We used six pots for each genotype.  
When they reached approximately 25 cm in height they were transferred 
to growth chambers and grown for 35 days in two temperature regimes (10-
12°C – low temperature - and 33-35°C - high temperature). At this time, they 
had 5-6 fully expanded leaves.  
For each biological replicate, we joined stems from 15-20 plantlets. We 
used the entire stem for analysis to obtain the highest quantity of material. 
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Seeds were obtained from a clonal garden, so plants exhibited a great genetic 
homogeneity. 
  
Temperature and CO2 experiments 
 
Plantlets were distributed randomly in 3 m2 chambers, where 
temperature and CO2 were controlled. Chambers were adjusted to receive 10 h 
of light, which was provided by a set of blue and red light-emitting diodes (LED, 
280 µmol photons m2.s-1) positioned 30 cm above the plants. We combined 
three temperatures (12°C, 22°C and 35°C) with two CO2 concentrations (390 
ppm and 700 ppm). A cylinder with pure CO2 was used to attain 700 ppm. The 
gas flow was controlled with a microvalve and we used an Infra-Red Gas 
Analyzer for calibration (Licor 6400 model). The temperatures were set with 
cooling and heating systems placed inside the chamber. The air circulation 
inside of the chambers was provided by two small fans. We named as control 
treatments those plants growing at 22oC and ambient CO2, which varied 
between 380-390 ppm. Plants were watered every second day. They were 
maintained for five weeks under these conditions. After this period the stem was 
collected and immediately frozen in liquid nitrogen for RNA extraction.  
 
RNAseq experiment 
 
Total RNA was extracted from stem tissue according to (Chang et al. 
(1993). Samples were treated with DNA-free™ Kit (Ambion, USA) to remove 
any genomic DNA and pure RNA was sent to quality analysis and sequencing 
at Life Sciences Core Facility (LaCTAD) of State University of Campinas 
(UNICAMP). A Bioanalyzer 2100 (Agilent technologies, USA) instrument was 
used to test the RNA quality and only samples with RIN (RNA integrity number) 
higher than eight were considered adequate for sequencing. The Illumina 
platform HISEQ2500 was used to generate coverage of 50M reads 100 paired-
end. There were 36 samples in total, with each condition having three biological 
replicates.  The gene prediction of E. grandis (version 6, 44.974 loci and 54.935 
transcripts) came from the databank Phytozome 
(https://phytozome.jgi.doe.gov/pz/portal.html). It was considered the larger 
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splicing variant of each loci using Bowtie2 program (Langmead and Salzberg, 
2012).  Avadis NGS software (Thermo Fisher) was used to visualize and 
analyze mapped reads. P-values (p <0,05) were calculated using the DESeq 
statistical method, which is based on the negative binomial distribution with 
variance and mean linked by local regression. For gene differential expression 
we used Moderate t-Test and One-way ANOVA. Multiple test correction was 
done using Benjamini Hochberg FDR (false discovery rate) (GeneSpring 
manual, Agilent) 
https://www.agilent.com/cs/library/usermanuals/Public/GeneSpring-manual.pdf. 
For gene expression, we considered fold change values >2. In order to extract 
the cell wall general classes from this dataset, the differentially expressed 
genes were classified using the MapMan tool (Thimm et al., 2004). We also 
classified these genes using Mercator 
(http://mapman.gabipd.org/pt/app/mercator). This program uses FASTA file and 
BIN codes from MapMan to arrange the data into 35 different categories which 
comprise many metabolic pathways and biological function.  
Analysis of RNAseq: The main aim of the present work was to try to 
understand how CO2 and temperature affect wood composition in Eucalyptus 
by studying the expression of cell wall-related genes seedling stems of 
Eucalyptus under different temperatures (10°C low, 20°C control and 30°C 
high) and CO2 concentration (300 ppm low and 700 ppm high). To achieve this 
goal we performed an RNA-seq experiment. In total 36 libraries were prepared 
to correspond to the six treatments we obtained during the experimental 
analysis (three temperatures 10°C, 20°C and 30°C, with and without CO2) x 2 
species (E. globulus and E. grandis) x 3 replicates. These libraries were 
mapped considering the largest splicing variant of each loci using Bowtie2 
(Langmead et al., 2012). Avadis NGS software was used to visualize and 
analyze mapped reads. P-values (P <0,05) were calculated using the DESeq 
statistical method, which is based on the negative binomial distribution with 
variance and mean linked by local regression. For gene differential expression 
we used Moderate t-Test and One-way ANOVA. Multiple test correction was 
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done using Benjamini Hochberg FDR . For gene expression, we considered fold 
change values >2. 
 
Table 1. Primers utilized for RNAseq validation. 
 
Primer 
 
Sequence 
  
Tm° 
EgCESA1 
 
ttcgtggcttgtcaagagtg 
 
64.1 
  
tctctcagcatcagccattg 
 
64.2 
            
EgCESA6 
 
tgtggatgacttggagaacg 
 
63.8 
  
attgcctctgcaccatatcc 
 
63.8 
            
EgSUS1 
 
gatcgcatgttgactcgaag 
 
63.5 
  
cacaatatcgttgcggtgag 
 
64.1 
            
EgCCR 
 
tcctggctgacgttcacatc 
 
60 
  
cttcgcggccaattcttcag 
 
59.9 
            
EgCOMT2 tagagctcgagtgggtttgg 
 
64.3 
  
atggagggtttcctcgctac 
 
64.2 
 
GO annotation and functional plant categories: To gain additional 
information about the biological processes regarding the genes up and down-
regulated a GO analysis was performed using Mercator program 
(http://mapman.gabipd.org/web/guest/app/mercator) for sequence annotation 
using these comparisons for E. globulus: gl10xgl20, gl30xgl20, gl30co2xgl20, 
gl10co2xgl20, gl20co2xgl20 and the same comparisons for E. grandis: 
gr10xgr20, gr30xgr20, gr30co2xgr20, gr10co2xgr20, gr20co2xgr30.  
 
Analysis using qRT-PCR 
We selected five genes for validation using qRT-PCR. Primers were 
designed using Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/). The reaction was 
prepared with a final volume of 10 µl, containing 3 µl diluted cDNA, 1,6 µl of 
milliQ sterilized water, 0,2 µl forward primer, 0,2 µl reverse primer and 5 µl of 
Sybr® Green Master Mix (Bio-Rad). A StepOnePlus™ Real-Time PCR System 
(Thermo Fisher) was used and the amplification program was performed as 
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follows: 95°C 3 min,  followed by 40 cycles at 95°C for 10 s, 60°C for 30 s and 
the final step of  71 cycles ate 60°C for 30 s (melting curve). We used three 
technical replicates for each biological replicate. The gene expression value 
was calculated according to the manufacturer software using the 2^ΔΔCt and 
2^ΔCt formula (Livak and Schmittgen, 2001). The values were normalized to 
that of the control Eucons08 gene (Accession  gb|jEEF33688.1j| (De Oliveira et 
al., 2012) and UBQ (ubiquitin) (Moura et al 2012). 
 
LC-MS analysis of lignin oligomers 
 
Soluble phenolic extracts were prepared from 10 mg lyophilized plantlet 
stem and liquid chromatography mass spectrometry (LC-MS) analysis was 
performed as described previously (Kiyota et al. 2012). Acquity UPLC coupled 
to a TQD triple-quadrupole mass spectrometer (Micromass-Waters, Waters, 
Milford, MA) was used and the chromatographic separation was carried out on 
a Waters Acquity C18-BEH (2.1mm×50 mm, 1.7 μm) column. The identity of 
lignin oligomers was confirmed by accurate mass measurements and 
fragmentation patterns as described (Morreel et al. 2010). 
 
Sugar analysis 
Two different plant species, E. globulus, and E. grandis were chosen for this 
study. In total 12 different samples, each with 4 biological replicates was 
studied. Stems of the plants were finely powdered and approximately 25mg 
powder of each sample is sonicated for 15 minutes in 1ml of Methanol: water 
(3:1 v/v) with 0.1% formic acid. Ion- pair chromatography on Agilent Eclipse plus 
C18 was used to profile 12 sugars. Agilent Poroshell Pentafluro phenyl propyl 
(PFP) column was used to profile 24 organic acids. LC-MS data was acquired in 
triplicates on Agilent 6550 iFunnel Q-TOF instrument. Genespring software from 
Agilent was used for the statistical analysis. Differential features between 
samples were identified by ANOVA 
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Results and discussion 
According to our analysis, we mapped 36 thousand genes considering 
novel genes, splicing variants, unannotated and annotated genes. This is a 
large number considering that Phytozome v6 has 54 thousand genes 
annotated.   
 
Differential expression: A Venn diagram was done for both species comparing 
the temperatures used in our experiments and CO2 concentration (Figure 1). 
Considering both species we could observe that E. globulus had a larger 
number of differentially expressed genes, indicating that the treatments had a 
greater impact in this species. Considering the genes up-regulated, the 
comparison 10°Cx30°C had the higher number of genes differentially expressed 
(2178), followed by 10°Cx20°C (2020) and 20°Cx30°C (1747). 191 genes 
differentially expressed were common to all three temperatures. The number of 
genes down-regulated was almost the same for 10°x30°C (2831) and 
20°Cx30°C (2681) and much less was found for 10°Cx20°C (1701). For E. 
grandis, genes up-regulated and down-regulated for the comparisons 
10°Cx30°C, 20°Cx30°C and 10°Cx20°C were 172, 58 and 142, and 299, 101 
and 236, respectively (Figure 1). Considering the effect of CO2 vs normal 
temperature (20°C), E. globulus expressed more genes is gl30°C CO2 vs 20°C 
and gl10CO2 vs 20°C than gl20°C CO2 vs 20°C. The high and low temperature 
associated with CO2 triggered a higher up-regulation in gene expression 
compared to a normal temperature associated with CO2 (2137 and 2181, 
respectively). In E. grandis the effect of CO2 in gene expression was higher in 
general. There were 1211 up-regulated genes in gl30°C CO2 vs 20°C and 1287 
genes up-regulated in gl10°C CO2 vs 20°C (Figure 2).  
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Figure 1. Venn diagram of differentially expressed genes in Eucalyptus grandis and Eucalyptus 
globulus. A) top figure - genes up-regulated and bottom figure – genes down-regulated under 
10°C, 20°C and 30°C in E. globulus;  B) top figure - genes up-regulated and bottom figure – 
genes down-regulated under 10°C, 20°C and 30°C in E. grandis. 
 
 
 
Figure 2. Venn diagram of differentially expressed genes in Eucalyptus globulus and 
Eucalyptus grandis. A) top figure - genes up-regulated and bottom figure – genes down-
regulated under 10°C CO2, 20°C CO2 and 30°C CO2 in E. globulus. B) top figure - genes up-
regulated and bottom figure – genes down-regulated under 10°C CO2, 20°C CO2 and 30°C CO2 
in E. grandis. 
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According to the GO analysis, it was possible to observe that several 
biological processes were activated in E. globulus plants under 30°C vs 20°C 
and 10°C vs 20°C. Signaling and stress were the most pronounced processes 
activated (Supplementary S1). On the other hand, when treated with CO2, the 
comparisons gl30co2xgl20, gl10co2xgl20, gl20co2xgl20 showed that processes 
related to secondary metabolism were activated, besides cell wall and hormone 
metabolism (Supplementary S1). It is interesting to note that under high CO2 
into the process, there would be an increase in secondary cell wall formation 
and phenylpropanoid pathway since many genes from lignin metabolism are up-
regulated in high CO2 treatment. Under high CO2 there was an increase in the 
expression of genes related with secondary cell wall formation and 
phenylpropanoid pathway. At least for lignin, this makes sense since previous 
reports have shown an increase of lignin in the enriched CO2 atmosphere 
(Richet et al., 2012).  
For E. grandis there was a large difference in terms of metabolism. At 
30°C many processes were activated, especially signaling, protein, RNA and 
transport. For 10°C processes involved in protein metabolism, glycolysis and 
RNA were the most common. E. grandis showed an increase in secondary 
metabolism under high CO2 concentration (10°C CO2 and 30°C CO2), and at 
20°C CO2 there was no IDs regarding this process. Again, it seems that CO2 
plays an important role in lignin synthesis (Supplementary S1). 
 
Gene expression in the stem of Eucalyptus plantlets 
The cell wall is formed by structural molecules with a high molecular 
weight that is arranged in an ordered manner (Somerville et al., 2004) and 
confers special properties that enable plants to cope with a variety of 
environmental factors and also has a protective function in biotic stress like pest 
infection (Hamann, 2012). Basically, the main polymers that comprise this 
highly organized network are cellulose, hemicellulose, pectin, and lignin, and 
this last polymer confers strength and hydrophobicity to water and nutrient 
transport in plants and has been described as essential for plant adaptation 
from aquatic to land habitat (Boerjan et al., 2003).  
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Woody plants like Eucalyptus also have a secondary cell wall that is 
established after plant growth. This layer is deposited inside the primary cell 
wall and depends on numerous enzymes that participate in the process of 
addition of new carbohydrates and cell wall extensibility (Cosgrove, 2005).  
In general terms secondary cell wall is composed in proportions of 2:1:1 
of cellulose, hemicellulose, and lignin (Ployet, 2017, Rencoret, 2011). Thus, 
wood formation demands a high amount of carbon from photosynthesis and is a 
strong sink.  
In the next section, we provide a broader view of genes coding for 
enzymes related to carbon metabolism and those involved in the biosynthesis of 
the main cell wall polysaccharides Eucalyptus as well as their rearrangement 
and modification. Such analysis will allow the establishment of a framework for 
further studies aiming to understand wood formation in a changing environment. 
 
Carbon partitioning and energy: Plants were exposed to different 
temperatures (10°C, 20°C and 30°C) and two CO2 concentrations (300ppm and 
700ppm). Although the RNA-seq was performed in the stems we discuss the 
process of sugar production considering that leaves were exposed to these 
treatments and carbon was partitioned between these two sites. Besides this 
fact, since we used young plants photosynthesis may also occur in the stem.  
Few works describe stem photosynthesis (Vandegehuchte et al 2015; 
Carnusak et al 2015). There are photosynthetic cells in the bark cortex that 
when illuminated can reutilize the respired CO2 produced by living cells in the 
sapwood, vascular cambium, and bark. This stem recycling photosynthesis is 
an important process to provide locally carbohydrate next to xylem parenchyma 
cells and can be used to maintain osmotic potential and recovery from 
embolism (Vandegehuchte et al 2015). During periods of drought, stem 
photosynthesis can also contribute to the total carbon assimilation in trees, 
providing carbon to sustain sinks like growth and non-structural carbohydrates 
(Steppe et al., 2015).  
Indeed, several photosynthetic related genes were found in this organ. 
The wood photosynthesis is a well-known process (Cernusak and Cheesman, 
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2015; Vandegehuchte et al., 2015) and supplies photoassimilates for wood 
formation in various woody plants (Deslauriers et al., 2016), as well as in 
Eucalyptus (Celedon et al., 2007; de Carvalho et al., 2008). 
In E. globulus under high temperature (30°C), we observed high 
expression of alkaline invertases, which break sucrose into glucose and 
fructose; hexokinase, which phosphorylates glucose and turn it in an active 
compound to be used by the cell (Table1). 
 
Table 1. Invertases identified in our treatments using normal (390 ppm) and elevated CO2 (700 
ppm). All temperatures were normalized using 20°C as a reference.  
            
  
Log2Foldchange≥2 
  
E.globulus  E.grandis  
ID.Phytozome Description  10°C 
10° 
CO2 
20° 
CO2 30°C 
30° 
CO2 10°C 
10° 
CO2 
20° 
CO2 30°C 
30° 
CO2 
Eucgr.D02386 alkaline invertase 2.42 3.39 2.24 3.42 -2.52 0 0 0 0 0 
Eucgr.G01751 alkaline invertase 1.36 0 0 -2.1 0 0 0 0 0 0 
Eucgr.B03984 alkaline invertase 1.52 0 0 2.46 0 0 0 0 0 0 
Eucgr.H03308 alkaline invertase 0 0 0 1.49 2.04 0 0 0 0 0 
Eucgr.A02647 cell wall invertase 2 2.04 2.26 -3.06 -9.14 0 0 0 0 0 0 
Eucgr.J00734 HKL1 3.03 2.38 0 1.57 0 0 0 0 0 0 
Eucgr.B03711 HKL1  6.68 4.71 0 5.01 2.52 0 0 0 0 0 
Eucgr.C00983 HXK1 1.56 0 0 2.77 2.99 0 0 0 0 0 
Eucgr.C00559 HXK2 1.52 0 0 3.09 4.02 0 0 0 0 0 
Eucgr.C00975 HXK2  1.36 0 0 -1.61 0 0 0 0 0 0 
Eucgr.F01647 HXK3 1.94 2.56 0 -1.72 0 0 0 0 0 0 
 
At 30°C and no limitation of water supply we could expect a high 
photosynthetic activity in Eucalyptus (Quentin et al., 2015), since no limitation is 
posed to these plants (Ceulemans and Mousseau, 1994; Lewis et al., 2013). 
The primary product sucrose is transported across the mesophyll cells by the 
action of SUC1 (Maurel et al., 2015) and released into the phloem sieve tubes 
and transported to sink tissues such as stem for wood formation. The same 
applies to sucrose being synthesized in the photosynthesis in the stem although 
phloem loading may not be the main transport way. Hexoses phosphates are 
used by the cell for energy purposes (ATP production), necessary for growth 
processes, active transport through the cell and metabolism (Koch, 2004). This 
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indicates that for plants at 30°C substrates from the photosynthetic activity are 
also used for general plant metabolism and growth. Using the program 
Mapman (https://mapman.gabipd.org/), our in silico analysis for E. globulus 
under high temperature identified genes controlling the synthesis for glucose 
6P, maltose, and sucrose in high temperature (30°C) (Figure 3).Thus, high 
expression of invertases and hexokinases in the stem could indicate that 
sucrose is breaking down and used in different processes. Analyzing the gene 
results from E. globulus at low temperature (10°C), we observed the activation 
of more diverse classes of enzymes which control the synthesis of sucrose 
(SUS), hexokinases which give rise to Gluc6P and also up-regulation of starch 
synthases. Part of the sugars could be used to form the cell wall component 
(these compounds are discussed in detail in the next section). We didn`t identify 
any enzyme for a starch break (Figure 4).  
 
 
Figure 3. Sucrose – Starch in E.globulus under high temperature. Overview display 
of the sugar synthesis and starch degradation using the program Mapman, Genes are 
represented aside each compound by squares. Blue color indicates up-regulation and red color 
indicates down-regulation. Gray circles indicate the absence of gene detection.  
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Figure 4. Sucrose – Starch in E.globulus under low temperature. Overview display of 
the sugar synthesis and starch degradation using the program Mapman, Genes are represented 
aside each compound by squares. Blue color indicates up-regulation and red color indicates 
down-regulation. Gray circles indicate the absence of gene detection. 
 
Considering the effects of CO2, the low temperature associated to CO2 
(gl10co2xgl20), increased the expression of alkaline invertases and 
hexokinases, consequently, more hexose phosphate available for growth and 
ATP production through respiration (Figure 5). Alkaline invertases are important 
in the regulation of glucose and fructose levels in mature tissues (Van den Ende 
and Van Laere, 1995). Gluc1P also could be used to produce ADP-Gluc and 
starch.  
 
 
Figure 5. Sucrose – Starch in E.globulus under low temperature associated with 
CO2. Overview display of the sugar synthesis and starch degradation using the program 
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Mapman, Genes are represented aside each compound by squares. Blue color indicates up-
regulation and red color indicates down-regulation. Gray circles indicate the absence of gene 
detection. 
 
For lignin, there was an increase in the biosynthetic genes, as expected for the 
CO2 increase (Richet et al., 2012) (Figure 7 and 8). Most of the studies 
associate normal and warmer temperature with CO2 (Ghannoum et al., 2010b; 
Quentin et al., 2015). Low temperature with CO2 is not usually discussed, but 
Thomas et al. (2007) showed that under low temperature, woody density, stem 
volume, and fiber cell wall thickness was lower in E. grandis. Here we show that 
genes related to lignin synthesis were also up-regulated. But, analyzing high 
temperature with CO2 (gl30co2xgl20) we observed a higher expression of 
invertases and hexokinases, which release hexose phosphate in the cytosol for 
cell growth and metabolic processes. A SUC2 (SUCROSE-PROTON 
SYMPORTER 2) was also up-regulated. This protein is involved in sucrose 
transport through cell wall from source to sink tissues.  
There is also an up-regulation α- and β-amylases, which could be used to 
degrade starch and release maltose in the cytosol. Maltose is a major form of 
carbon export as a result of a transitory-starch breakdown in the chloroplast at 
night (Weise et al 2004). 
 
 
Figure 6. Sucrose – Starch in E.globulus under high temperature associated to 
CO2. Overview display of the sugar synthesis and starch degradation using the program 
Mapman, Genes are represented aside each compound by squares. Blue color indicates up-
regulation and red color indicates down-regulation. Gray circles indicate the absence of gene 
detection. 
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Figure 7. Lignin synthesis in E.globulus under high temperature associated with 
CO2. Overview display of the sugar synthesis and starch degradation using the program 
Mapman, Genes are represented aside each compound by squares. Blue color indicates up-
regulation and red color indicate down-regulation. Gray circles indicate the absence of gene 
detection. 
 
 
 
 
Figure 8. Lignin synthesis in E.globulus under low temperature associated with 
CO2. Overview display lignin synthesis using the program Mapman, Genes are represented 
aside each compound by squares. Blue color indicates up-regulation and red color indicates 
down-regulation. Gray circles indicate the absence of gene detection. 
 
Also in E. globulus under 30°C CO2, we found through our sugar analysis 
Sucrose 6P (Table 3). This compound is an intermediate formed from UDP-gluc 
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and fructose 6P by SPS (sucrose phosphate synthase). It is used to produce 
sucrose, which plays important functions in plants like carbon and nitrogen 
assimilation and transport, oxidative stress response and signaling in plants 
under light exposure (Horacio and Martinez-Noel, 2013). 
E. grandis plants grown at 10°C had a high expression of vacuolar 
invertases. Hexoses in the vacuole are important to sugar storage, 
osmoregulation and response to cold stress (Fotopoulos, 2005). Opposite to E. 
globulus, there was no up-regulation of genes involved in the synthesis of UDP-
gluc. We observed up-regulation of starch synthase genes (Figure 9). As 
discussed above, under a condition of stress like low temperature there is an 
accumulation of cryoprotectants sugars (Theocharis et al., 2012) what makes 
sense considering that E. grandis is a species from warm places. It might be 
also possible that starch was synthesized in the E. grandis as a carbohydrate 
buffer for the low-temperature stress to sustain energy metabolism (Kunz et al., 
2010).  
 
 
Figure 9. Starch-Sucrose in E.grandis under low temperature. Overview display of 
the sugar synthesis and starch degradation using the program Mapman, Genes are represented 
aside each compound by squares. Blue color indicates up-regulation and red color indicates 
down-regulation. Gray circles indicate the absence of gene detection. 
 
E.
gl
o
b
u
lu
s 
 
 
Log2Foldchange≥2 
Compound  gl30xgl20 
Sucrose 6'-phosphate  5.84 
Sucrose  2.33 
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D-Mannitol 2.11 
D-(+)-Xylose 2.8 
 
   
  
E.
gr
an
d
is
  
 
Log2Foldchange≥2 
Compound  gr30xgr20 
Sucrose 6'-phosphate  2.71 
Sucrose  4.17 
Maltose 3.91 
UDP-glucose  2.15 
D-(+)-Xylose 3.53 
 
Table 2. Sugars identified in our analysis of E.grandis and E.globulus under high temperature. 
  
In plants of E. grandis grown at 30°C (Figure 10) we did not observe 
increased expression of genes related to starch-sucrose metabolism, but 
instead, up-regulation of genes playing role in carbon metabolism and 
fermentation, such as PFK (phosphofructokinase) and alcohol dehydrogenase, 
respectively. de Carvalho et al. (2008) found enzymes that participate in these 
same processes in the juvenile cambial region of E. grandis. Another work also 
reported the presence of proteins related to anaerobic respiration during xylem 
formation and growth in E. grandis (Celedon et al., 2007). Surprisingly, in our 
sugar analysis, we found an up-regulation for UDP-Glc, sucrose 6P and 
maltose. Differences between these techniques (transcriptomics and 
metabolomics) and the statistical analysis applied could be an explanation for 
this result.  
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Figure 10. Starch-Sucrose in E.grandis under high temperature. Overview display of 
the sugar synthesis and starch degradation using the program Mapman, Genes are represented 
aside each compound by squares. Blue color indicates up-regulation and red color indicates 
down-regulation. Gray circles indicate the absence of gene detection. 
 
Considering the effects of CO2 associate to high temperature 
(gr30co2xgr20), there was up-regulation of enzymes associated with starch 
synthesis and also degradation of this compound into maltose in E. grandis 
(Figure 10). This compound is the major substrate exported from the chloroplast 
at night and can be used with gluc to synthesize sucrose (Weise et al 2004). 
Nevertheless; we could observe a high expression of genes related to lignin 
biosyntheses like CAD-like25 and CCR2. The positive effect of CO2 in lignin 
biosynthesis was reported in Populus (Richet et al., 2012) (Figure 11). 
 
Figure 11. Starch-Sucrose in E.grandis under high temperature associated with 
CO2. Overview display of the sugar synthesis and starch degradation using the program 
Mapman, Genes are represented aside each compound by squares. Blue color indicates up-
regulation and red color indicates down-regulation. Gray circles indicate the absence of gene 
detection. 
 
Important sugar compounds were found in this treatment like sucrose, L-
fucose, maltose and sucrose 6P, but their fold change values were negative 
(Table 3). 
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Table 3. Sugars identified in our analysis of E.grandis and E.globulus under high 
temperature and CO2 (30°CO2) and low temperature and high CO2 (10°CO2). 
 
E.
gl
o
b
u
lu
s 
 
 
Log2Foldchange≥2 
Compound  gl10CO2xgl20 gl30CO2xgl20 
Sucrose 6'-phosphate  -6.05 5.21 
    
E.
gr
an
d
is
  
 
Log2Foldchange≥2 
Compound  gl10CO2xgl20 gl30CO2xgl20 
Sucrose 6'-phosphate    -2.42 
Sucrose    -2.96 
Maltose   -2.7 
L-Fucose -4.55 -5.18 
UDP-glucose    -2.15 
 
 
The combination of low temperature and CO2 (gr10co2xgr20) in E. 
grandis showed an up-regulation of genes associated with the starch 
formation and also vacuolar invertases (Figure 12). Vacuolar invertases 
are associated with sugar storage, osmoregulation and response to cold 
stress (Fotopoulus et al 2005). It seems that low temperature in 
E.grandis exerts a mechanism of protection against cold, even though 
there is a high CO2 concentration in this treatment. 
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Figure 12. Starch-Sucrose in E.grandis under low temperature associated with 
CO2. Overview display of the sugar synthesis and starch degradation using the program 
Mapman, Genes are represented aside each compound by squares. Blue color indicates up-
regulation and red color indicates down-regulation. Gray circles indicate the absence of gene 
detection. 
 
We found an up-regulation of lignin gene biosynthesis (CAD-like 47 and 
CAD-like 25). For control experiments (gl20co2xgl20 and gr20co2xgr20) there 
were few genes which expression was changed, thus indicating that 
temperature was more effective in changing expression than CO2.    
Overall, we could infer by the results that for both species, the 
temperature had a stronger effect on plant metabolism compared to CO2 and 
there was not necessarily a correlation between these two variables. This 
response was also be observed by Kilpeläinen et al (2003) who found that high 
temperature increased the fiber length, decreased hemicellulose content and 
increased lignin content.  The same authors (Kilpeläinen et al., 2005) also 
showed that in 6-year-old Pinus under high CO2 there was a reduction in 
cellulose content, an increase in radial growth and no effect in lignin content. 
Ghannoum et al. (2010) showed for two species of Eucalyptus (E. saligna and 
E. sideroxylon) that there was an increase in photosynthesis under high 
temperature and high CO2. Thomas et al. (2007) showed with E. grandis that 
temperature affects carbon allocation and increase woody density. Ceulemans 
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et al. (2002) also showed that there was an increase in canopy CO2 assimilation 
and stem biomass in Pinus taeda, but not woody density.  
 
Fermentation and energy production: Analyzing more deeply all the 
treatments, we could observe the up-regulation of ADH1 in all treatments, 
especially in high temperature, except in the control ones (gl20co2xgl20 and 
gr20co2xgr20). This result is interesting since other works using Eucalyptus 
also described this process in the juvenile cambial region (Carvalho et al 2008; 
Celedon et al 2007). The cortex region in the eucalyptus stem seems to be an 
O2 limited tissue (Carvalho et al 2008; Celedon et al 2007), and processes like 
alcoholic fermentation are important to supply energy for secondary growth 
(Kimmer and Stringer 1988). Recent studies also highlighted the presence of 
transcripts associated with anaerobic respiration, especially alcohol 
dehydrogenase and pyruvate decarboxylase during xylem formation (Gion et al 
2005; Juan et al 2006; Ranik et al 2006).  
Sugar nucleotide for cell wall formation: Invertases and Sucrose Synthases 
(SUSY/SUS) along with CESA genes are known to be key enzymes to supply 
plants with UDP-gluc and formation of the β-linked glucan chain necessary for 
plant cell wall formation. SUSY gene and INV also appeared in this work. 
Myburg et al. (2014) identified ten SUSY genes. Only one gene had higher 
expression in immature xylem (Eucgr.C03199) and one (Eucgr.C00769) had an 
intermediate expression. Our work identified four genes of this group 
(Eugr.C03204, Eucgr.C03205, Eugr.C03207, and Eucgr.H01094) 
(Supplementary S2). Their expression was also low in our treatments, with the 
exception of Eucgr.C03204 (SUS4) which had the expression up-regulated in 
high temperature (gl30xgl20) and high CO2 (Gl30co2xgl20). One isoform 
(SUS4; Eucgr.C03205) had high expression in high temperature (gl30xgl20), 
and another one (Eucgr.C03207) was down-regulated in low temperature 
(10°C). Two SUS3 isoforms (Eucgr.H01094 and Eucgr.K03505) had very low 
expression and were down-regulated in high CO2 (Supplementary S2). For INV 
genes Myburg et al. (2014) found one gene highly expressed in immature xylem 
(Eucgr.F02588). We didn’t find this isoform but we identified 5 genes coding for 
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INV. One INV isoform (Eucgr. D02386) and one alkaline invertase 
(Eucgr.B03984) were up-regulated in high temperature; One alkaline invertase 
(Eugr.H03308) was up-regulated in high temperature and high CO2. INV2 
(Eucgr.A02647) and one alkaline invertase (Eucgr.G01751) were up-regulated 
in low temperature and repressed in high temperature (Supplementary S2).
 We didn’t found any UGP (UDP-glucose pyrophosphorylase) in our 
analysis but studies show that the combination of SUSY and UGP 
overexpression in tobacco also resulted in a synergistic increase in plant height 
and biomass (Coleman et al., 2006). It should be noted that the overall 
phenotypic effect of increased SUS or UGP levels is dependent on the source 
and sink sugars and other metabolites (Coleman et al., 2009; Haigler et al., 
2001; Meng et al., 2009), which will vary in different plant species, and under an 
array of physiological conditions. These studies demonstrate that changes in 
metabolite levels, through intracellular and intercellular transport or enzymatic 
activity, could greatly influence the resulting abundance and/or structure of cell 
wall polysaccharides. Another set of genes were identified during our analysis, 
HEX (hexokinase) and PGM (phosphoglucomutase). Myburg et al. (2014) 
identified 4 hexokinases and in our work, we identified 6 isoforms, two of them 
are HKL (hexokinase-like) (Supplementary S2). This enzyme participates 
phosphorylates D-glucose in D-glucose 6P. Hexoses are usually 
phosphorylated to enter metabolic pathways what is catalyzed by hexokinases 
(HXKs) and fructokinases (FRKs) (Granot et al., 2014). The isoform HKL1 
(eucgr.b03711) were up-regulated in high temperature and high CO2, while 
another isoform (Eucgr.j00734) was both expressed in low and high 
temperature. Myburg et al. (2014) showed that this same isoform HKL1 
(Eucgr.B03711) had a high expression in immature xylem. HXK2 
(Eucgr.C00975 and Eucgr.C00559) were highly up-regulated in high 
temperature and high CO2, respectively. Another isoform identified was HXK3 
(Eucgr.F01647). The expression was low in high and low temperature and the 
highest expression was in low temperature associated with high carbon dioxide 
concentration (Supplementary S2). Myburg et al. (2014) reported that this 
isoform (HXK3) had a moderate expression in immature xylem. 
Phosphoglucomutase (PGM) was another class of enzyme identified in our 
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study. Two isoforms were identified (Eucgr.B02929 and Eucgr.L01855) and 
both had a very low expression in high and low temperature and no signal was 
identified in high CO2 treatment. Myburg et al. (2014) identified 6 isoforms, two 
of them highly expressed in immature xylem (Eucgr.G02157 and 
Eucgr.B02942) (Supplementary S2). The cytosolic form of phosphoglucomutase 
catabolizes Suc to provide intermediates for glycolysis and substrate for many 
cellular constituents (Manjunath et al., 1998). The plastidic isoform is essential 
for starch biosynthesis to store net photosynthate in leaves during the day 
(Dietz, 1987), and also plays an essential role in the degradation of assimilatory 
starch. 
Another enzyme family which appeared frequently in our study was β-
glucosidase. These enzymes participate in many reactions like activation of 
defense compounds, metabolism of phytohormones and lignin precursors (Falk 
and Rask, 1995), biosynthesis of aromatic volatiles and metabolic intermediates 
by releasing D-glucose from the inactive glucoside in plants (Opassiri et al., 
2006). We found in total 15 isoforms of the following classes BGLU11 
(Eucgr.J00647), BGLU 17 (Eucgr.J01459), BGLU13 (Eucgr.B00136 and 
Eucgr.B03657), BGLU15 (Eucgr.B03661), BGLU40 (Eucgr.G02458), BGLU41 
(Eucgr.F03394), BGLU44 (E.H02811, Eucgr.G03404, Eucgr.K00916, 
Eucgr.K00923, Eucgr.B03654, Eucgr.B00859, Eucgr.B00860) and BGLU47 
(Eucgr.H00071). Looking at the expression profile, the isoforms BGLU11, 
BGLU13, BGLU40, BGLU41, and BGLU46 showed very low expression. 
BGLU44 showed a very high expression at high temperature, one isoform 
(Eucgr.K00916) reaching a fold change of 32 (Supplementary S2). BGLU17 
was the only isoform expressed in E. grandis under low temperature and high 
CO2. In E. globulus the expression was higher in low temperature.  
We also found an important enzyme UGT (UDP-glucosyl transferase. In 
Arabidopsis, there are over 100 genes encoding the UGTs (Ross et al 2001) 
(Supplementary S3). These proteins are membrane-bind enzymes localized in 
the endoplasmic reticulum and they transfer nucleotide-diphosphate-activated 
sugars to low-molecular-weight aglycone substrates. In our pathway (Figure 3) 
this activated sugars is UDP-glucose and the product formed is glucose.  
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In total, we found 200 enzymes coding for UDP-glucosyl transferases 
(UGT). One class of these enzymes have an interesting function, which is UDP-
glycosyltransferase 72B1. Lin et al. (2016) showed using transgenic 
Arabidopsis that this specific class of UGT is essential for normal cell wall 
lignification and they proposed a pathway which this enzyme helps to control 
the balance between monolignol glucosides and monolignol pathway leading to 
lignin formation. Analyzing the expression pattern with a reporter gene, Lin et al. 
(2016) could observe the expression of this gene mainly in the young floral stem 
of Arabidopsis, in differentiating xylem.  In our treatments, the highest 
expression of this class of enzyme was in high temperature associated with 
high CO2 in E. globulus. The other classes were up-regulated especially in low 
temperature associated with elevated CO2 (gl10co2xgl20). We expect that in 
high CO2 there are more sugars available to the cell due to the photosynthetic 
process occurring, so an increased activity of these enzymes under elevated 
CO2 might be expected.  
For cellulose synthesis, we could observe a more pronounced response 
of E. globulus under high temperature and high CO2 treatment. Several reports 
described a positive relationship between high temperature and high CO2 to 
wood density (Muneri, Allie et al 2007; Thomas et al. 2007; Quentin et al. 2015), 
supporting our results with these treatments. E. globulus is a temperate species 
that grows in the coast of Australia and E. grandis is a tropical species. In 
higher temperature, we expected that E. grandis would have a stronger 
response, but E. globulus showed a higher expression for all the classes of 
genes studied. 
E. grandis is a species of fast growth and widely planted. Ghannoum et 
al. (2010) compared two eucalyptus species with fast (E.saligna) and slow 
growth (E. sideroxylon). Contrary to what they expected, the slow growth 
species showed a more pronounced response to elevated CO2 and temperature 
with an enhancement in photosynthesis and growth, in part due to a high 
respiratory cost. A similar situation could have happened with E. globulus. 
 
Cellulose biosynthesis pathway: Cellulose is the main polymer of plant cell 
wall. It comprises approximately 40-50% of the total dry mass and differs 
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among tissues within a plant and the stage of development (Cosgrove, 2005; 
McKinley et al., 2016; Rai et al., 2016). The polymer structural composition is 
made of (1→4) β glucan chain and it assumes a crystalline structure due to its 
deposition. According to some works, microtubules assume an important role in 
arranging this structure in an ordered manner. The proteins responsible to form 
the microfibril are called CESA (cellulose synthase) and they are arranged in a 
hexameric composition along the plasma membrane. This complex form the 
called rosette and they are formed by 18 groups of three proteins that form the 
catalytic core. In Arabidopsis 10 CESA genes were identified. For the 
biosynthesis of the primary cell wall the subunits CESA1, CESA3, and CESA6 
are required and for the secondary wall, CESA 4, CESA7 and CESA8 
(Cosgrove, 2005; Kumar and Turner, 2015; Persson et al., 2007)   
 Myburg et al. (2014) detected several genes involved in cellulose 
biosynthesis in the Eucalyptus genome. According to their results, only three 
CESA genes had absolute expression elevated in immature xylem 
(Eucgr.C00246, Eucgr.D00475, and Eucgr.A01324), despite the fact that there 
were 16 genes identified. One gene identified also appeared in our work 
(Eugr.C01147) and codes a CESA1 gene. We also found 32 genes coding for 
CESA and CsL genes (Figure 13). The isoform CESA1 (Eucgr.C01147) was 
expressed in low and high temperature in E. globulus, CESA6 (Eucgr.F04212 
and Eucgr.H00646) was completely down-regulated in all treatments and 
CESA9 (Eucgr.B01532 and Eucgr.B01562) had a very low expression in low 
temperature and one isoform of CESA9 (Eucgr.H02200) was down-regulated in 
low and high temperature. Other classes of cellulose synthase were found. The 
so-called CsL genes. In Arabidopsis, there are 41 members of this class. 
According to sequence analysis they are divided in six classes (CsLA, CsLB, 
CsLC, CsLD, CsLE and CsLG) (Richmond and Somerville, 2000). Despite the 
fact that in vitro analysis have demonstrated that all these genes are capable to 
synthesize (1/4)-β-linked chains, some of these genes are known to be involved 
in the synthesis of backbones of hemicelluloses (Liepman et al., 2005), galactan 
side chains of pectin or arabinogalactan (Liepman et al., 2005). In our work we 
found: 1 CslA02, 2 CslB03, 1 CslB04, 1 CslC04, 2 CslC05, 1 CslC12, 1 CslD1, 
1 CslD3, 7 CslE1, 6 CslG2 and 4 CslG3 (Table 4). 
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Gene ID Description 
Eucgr.J00420 CSLA02 
Eucgr.K00782 CSLB03 
Eucgr.K00779 CSLB03 
Eucgr.K00778 CSLB04 
Eucgr.I01833 CSLC04 
Eucgr.F04010 CSLC05 
Eucgr.C02007 CSLC05 
Eucgr.F00101 CSLC12  
Eucgr.H00079 CSLD1 
Eucgr.E00226  CSLD3  
Eucgr.E03851 CSLE1 
Eucgr.E03846 CSLE1 
Eucgr.l01388 CSLE1 
Eucgr.l01389 CSLE1 
Eucgr.I01391  CSLE1 
Eucgr.l01392  CSLE1  
Eucgr.F03681 CSLE1 
Eucgr.H00188 CSLG2 
Eucgr.H00186 CSLG2 
Eucgr.H00189 CSLG2 
Eucgr.E00820 CSLG2 
Eucgr.E00819 CSLG2 
Eucgr.E00821 CSLG2  
Eucgr.D01768 CSLG3 
Eucgr.H00187 CSLG3 
Eucgr.D01765 CSLG3 
Eucgr.H00185 CSLG3 
 
Table 4. CSL genes identified in our transcriptomic analysis. 
 
Isoforms CslC12 (Eucgr.F00101), CslD1 (Eucgr.H00079), CslD3 
(Eucgr.E00226) and CslG2 (Eucgr.H00189, Eucgr.E00821, Eucgr.E00820, 
Eucgr.E00819, Eucgr.D01768) were expressed in high temperature and high 
CO2. 
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Figure 13. Cellulose biosynthetic pathway 
Enzyme abbreviations: BGLU,β-glucosidase; CESA, cellulose synthase; SPS, sucrose 
phosphate synthase; SPP, sucrose phosphate phosphatase; SUS, sucrose synthase; 
UGHD,UDP-glucose 6-dehydrogenase; PGM, phosphoglucomutase; DUF, domain of unknown 
function; UGP, UDP-glucose pyrophosphorylase; UXS, UDP-xylose synthase; UGT , UDP-
glucosyl transferase; HEX, hexokinase; INV, invertase; IRX, irregular xylem; GH9, glycosyl 
hydrolase 9. In red are highlighted the genes we found in our RNAseq analysis.  
 
Hemicellulose biosynthesis pathway: Hemicelluloses are a heterogeneous 
polysaccharide comprised of β (1→4) linked backbones, composed of 
xyloglucan, xylan, mannan, glucomannan, and β (1→3, 1→4)-glycan. They are 
synthesized by GTs (glucosyl transferase) and the main structure of xyloglucan, 
mannan, and β (1→3, 1→4)-glucan are synthesized by CSL (cellulose 
synthase-like) (Scheller et al 2010). The most important function of 
hemicelluloses is to interact with cellulose fibrils in a cohesive way, 
strengthening the cell wall structure.  The interaction between xyloglucan and 
cellulose occurs through hydrogen bonds (Scheller and Ulvskov, 2010). In the 
secondary cell wall, xylans play an important role in strengthening the wall, 
which was observed in some deficient mutants for xylan biosynthesis (Scheller 
and Ulvskov, 2010). We found three genes involved in hemicellulose 
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biosynthesis (Figure 14, 15, 16 and 17): CSLA02 (Eucgr.J00420), CSLC04 
(Eucgr.I01833) and CSLD03 (Eucgr.E00226). CSLD03 had the highest 
expression in high temperature and high CO2. This gene participates in 
galactoglucomannan synthesis. The other two CsL were down-regulated. 
CSLA02 participates in galactoglucomannan synthesis and CSLC04 in 
fucogalactoxyloglucan synthesis (Supplementary S2).  
The biosynthesis of xylan and xyloglucan requires the activity of UDP-
xylose synthase (UXS). In Arabidopsis, there are 6 UXS (UXS1, UXS2, UXS3, 
UXS4, UXS5, and UXS6). These enzymes show redundant and overlapping 
expression, but analyses using mutants showed that the three isoforms (UXS3, 
UXS5, and UXS6) play the major role in xylan biosynthesis and were expressed 
mainly in xylem cells and interfascicular fibers. Mutations in other isoforms 
didn’t affect plant growth and xylan biosynthesis. We found two UXS2 isoforms 
(Eucgr.H01112 and Eucgr.H03936). Myburg et al. (2014) showed in their work 
with Eucalyptus 6 isoforms of UXS and one of them Eucgr.H01112 (UXS2) had 
a low absolute expression in immature xylem, which corroborates our finds 
since we found only two isoforms and their expression was very low in all the 
treatments analyzed. Kilpeläinen et al. (2003) showed that in Pinus sylvestris 
under high temperature there was a decrease in hemicellulose content and 
Kilpeläinen et al. (2005) found that there was no difference in hemicellulose 
content under elevated CO2 and temperature.  
Another interesting class of proteins that appeared in our RNAseq data is 
the DUF579 protein. This protein is widely distributed in eukaryotic species and 
five proteins in Arabidopsis are co-expressed with marker genes involved in 
secondary cell wall formation. Brown et al. (2011) used mutation lines to study 
composition and structure of cell wall polymers using electron microscopy 
techniques that this protein is involved in secondary cell wall formation and 
more specifically they are essential for proper deposition of xylan in the 
secondary cell wall. We found three isoforms for this class of protein 
(Eucgr.F02961, Eucgr.I01644, and Eucgr.H02125). Only one isoform 
(Eucgr.H02125) was up-regulated in high temperature and high CO2 
(gl30co2xgl20) and the other two proteins were down-regulated in low 
temperature associated with elevated CO2 (gl10co2xgl20) (Supplementary S2). 
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Looking at the Myburg et al. (2014), they found 9 genes for DUF579. 
Interestingly the genes we found in our analysis had a very low expression in 
their work. Only two isoforms were highly up-regulated, Eucgr.I02785 and 
Eucgr.H02217. Since we had a moderate gene expression regarding 
hemicellulose formation in our treatments, we could assume that this final step 
is also not highly up-regulated.  
 
Figure 14. Proteins involved in heteromannan structures (galactomannans and 
galactoglucomanns)  
Enzyme abbreviations: mannan synthase (CSLA7, CSLD2, CSLD3, CSLD5); glucomannan 
synthase (CSLA9, CSLA2).  In red are highlighted the genes we found in our RNAseq analysis. 
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Figure 15. Proteins involved in xyloglucan biosynthesis 
Enzyme abbreviations: CSLC4, glucan synthase; MUR3, galactosyltransferase; XXT1-5, 
xylosyltransferase; FUT1/MUR2, fucosyltransferase. In red are highlighted the genes we found 
in our RNAseq analysis. 
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Figure 16. Proteins involved in xylan biosynthesis (glucuronoarabinoxylan and 
glucuronoxylan) 
Enzyme abbreviations: XAX, xylosyltransferase; XAT, arabinosyl transferase; IRX, GUT, GAUT, 
PARVUS, FRA, F8H, GLZ, xylan synthase; GUX, glucuronosyl transferase. In red are 
highlighted the genes we found in our RNAseq analysis. 
 
 
 
Figure 17. Proteins involved in mixed-linkage glucans (MLG) biosynthesis 
Enzyme abbreviation: CSL, glucan synthase. In red are highlighted the genes we found in our 
RNAseq analysis. 
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Pectin biosynthesis pathway: Pectin is a complex and diversified group of 
polysaccharides. It is highly represented in the primary cell wall and participates 
of adhesion in the middle lamellae. Another function is to facilitate the extension 
and slippage of glycan-cellulose fibrils during cell wall extension, besides 
contributing to the porosity of the cell wall. It is formed of complex sugars rich in 
galacturonic acids such as homogalacturonan, xylogalacturonan, 
apiogalacturonan, rhamnogalacturonan I and rhamnogalacturonan II, which 
comprises of more than 11 different sugars (Atmodjo et al., 2013; Cosgrove, 
2005; Scheller et al., 2007). It is hypothesized that the pectin domains are 
linked by covalent bond and bind to the xyloglucans through covalent and non-
covalent bonds (Vincken, 2003). The more abundant polysaccharide is 
homogalacturonan which represents more than 65% of the pectin composition.
 We found 6 enzymes participating in pectin nucleotide-sugar 
interconversions pathways. GAE3 (UDP-D-GLUCURONATE 4-EPIMERASE 3) 
(Eucgr.D01992) was up-regulated only in high temperature associated with high 
CO2. This enzyme participates in the interconversion of UDP-α-D-GalA and 
UDP-α-D-GlcA. GAE1 (UDP-D-GLUCURONATE 4-EPIMERASE 1) 
(Eucgr.C00223 and Eucgr.C01241) were up-regulated in high temperature and 
high CO2 in both species (E. grandis and E. globulus). Two isoforms of GME 
(GDP-MAN 3,5-EPIMERASE) (Eucgr.H04339 and Eucgr.B02118) were down-
regulated in all treatments (Supplementary S2). This enzyme participates in the 
conversion of GDP-α-D-Man into GDP-β-L-Gal. UGE1 (UDP-D-glucose/UDP-D-
galactose 4-epimerase 1) (Eucgr.D01906) participates in the conversion of 
UDP-β-L-Arap into UDP-α-D-Xyl.  This enzyme was up-regulated in high 
temperature associated with high CO2. UGE5 (Eucgr.E00872) showed very low 
expression in all treatments. Two isoforms of UXS2 (UDP-glucuronate 
decarboxylase) (Eucgr.H03936 and Eucgr.H01112) convert UDP-α-D-GlcA into 
UDP-α-D-Xyl. They showed a different pattern of expression, the first one was 
up-regulated in high temperature and the second one in low temperature 
associated with CO2 (Supplementary S2). The last enzyme RHM1 
(RHAMNOSE BIOSYNTHESIS 1) (Eucgr.K01196) was up-regulated in low 
temperature and low temperature associated with CO2 (Supplementary S2). 
This enzyme converts UDP-α-D-Glc into UDP-β-L-Rha.  Overall we could 
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observe a low expression of genes in this biosynthetic pathway. The highest 
expression was under high temperature and high temperature associated with 
CO2 in E. globulus. Since we had an up-regulation of acid invertases in high 
temperature, probably there would be a carbohydrate supply to sink tissues via 
the apoplastic pathway (Godt & Roitsch, 1997) (Figure 18). 
 
Figure 18. Biosynthetic pathway of nucleotide sugars involved in pectin biosynthesis  
Enzyme abbreviations: UGEs, UDP-Glc 4-epimerases/UDP-Gal 4-epimerases; GAE, UDP-GlcA 
4-epimerase; UXS, UDP-GlcA decarboxylase; AXS, UDP-D-Apif/UDPD-Xyl synthase; RGPs, 
UDP-L-Arap mutases; GERs, GDP-4-keto-6-deoxy-Man 3,5-epimerases/4-reductases; GMDs, 
GDP-Man 4,6-dehydratases; GME, GDP-Man 3,5-epimerase; UGE, UDP-Glc 4-
epimerases/UDP-Gal 4-epimerases; RHMs, tri-activity enzymes with UDP-Glc 4,6-dehydratase, 
UDP-4-keto-6-deoxy-D-Glc 3,5-epimerase, and UDP-4-keto-L-Rha 4-ketoreductase activities; 
UER, bi-activity enzyme with UDP-4-keto-6-deoxy-D-Glc  and 3,5-epimerase activity. In red are 
highlighted the genes we found in our RNAseq analysis. 
 
Suberin biosynthetic pathway genes:  
In the primary cell wall of some specialized cells, plants produce a 
suberin lamellae. Suberin is a natural heteropolymer constituted of a 
polyaliphatic fraction associated with aromatic compounds.  Associated to this 
basic structure, another contribution is conferred to ester bonds between ω-
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hydroxy acids and α,ω-diacids or between two ω-hydroxy acids (Graça and 
Santos, 2006a, 2006b). Another essential part of suberin is attributed to the 
hydroxycinnamates, especially ferulic acid, conjugated with ω-hydroxy acids 
and with glycerol (Bernards et al., 1995; Graça et al., 2015; Graça and Pereira, 
1998). Suberin is a compound especially found in periderm of an oak tree (Silva 
et al., 2005) and also in various underground organs such roots, stolons, and 
tubers.Plants can also develop a suberized hypodermis below the epidermis in 
roots, stems, and leaves. Internally, suberin is also deposited in root 
endodermis or bundle sheaths of monocot leaf blades (Mertz and Brutnell, 
2014). Besides this, deposition also occurs in abscission zones of leaves and 
branches. Suberin represents an important protective response to wounding 
and stress (Figueiredo et al., 2016).  
We found two classes of genes involved in suberin biosynthesis, KCSII 
(3-ketoacyl-CoA synthase 2) involved in the elongation of C20 fatty acid suberin 
precursors and CYP86A1 (cytochrome P450), which catalyzes the omega-
hydroxylation of various fatty acids (Supplementary S2). The first class of gene 
KCSII had three isoforms that were up-regulated in high temperature 
(Eucgr.H00235, Eucgr.D00056, and Eucgr.H00232), and two were down-
regulated at low temperature and high temperature associated with CO2. For 
the CYP86A1, one isoform (Eucgr.J01934) was completely down-regulated in 
low temperature, high temperature and high temperature associated with CO2. 
Another one (Eucgr.B02269) was up-regulated in high temperature 
(Supplementary S2). In plants, suberization plays an important role during sugar 
accumulation in sugarcane and also contributes to a higher concentration of 
CO2 in bundle sheath cells of C4 species (Figueiredo et al., 2016) (Figure 19). A 
highly suberized stem in Eucalyptus would not be very useful for processes like 
stem photosynthesis since CO2 and light should pass through bark tissue to 
favor this process (Cernusak and Hutley, 2011; Pfanz et al., 2002). 
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Figure 19. Overview of the suberin biosynthetic pathway 
Enzyme abbreviations: FAR, fatty acyl reductases; CYP, cytochrome P450 enzymes; GPAT, 
glycerol 3-phosphate acyltransferases; LACS, long-chain acyl-CoA synthetases; FACT, Fatty 
Alcohol:Caffeoyl-CoA Caffeoyl Transferase; ASFT, Aliphatic Suberin Feruloyl Transferase; 
ABCG, ATP-binding-cassette (ABC) transporters; KCS, 3-keto acyl-CoA synthase; AHCs, alkyl 
hydroxycinnamates. In red are highlighted the genes we found in our RNAseq analysis. 
 
Lignin biosynthesis pathway: Lignin is the second most abundant biopolymer 
after cellulose. This compound was essential for plant adaptation from an 
aquatic environment to land. It is a component of xylem vessels conferring 
strength and impermeability, which is essential for water transport from roots to 
leaves and also functions as a protective barrier. Lignin is a complex aromatic 
heteropolymer formed by three hydroxycinnamyl alcohol monomers, p-
coumaryl, coniferyl, and sinapyl alcohols, which differ in their degree of 
methylation. These monomers form p-hydroxyphenyl H, guaiacyl G,and syringyl 
S phenylpropanoid units, respectively when incorporated into the lignin polymer. 
The process of lignification occurs via radical coupling when the main units are 
linked together (Boerjan et al., 2003). After the lignin precursors have been 
synthesized in the cytoplasm, they are transported to the cell wall where they 
are oxidized by peroxidases and laccases and then polymerized.  
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The biosynthetic pathways of lignin formation start with deamination of 
the phenylalanine followed by various steps of reduction, (thio)esterification, 
hydroxylation, and methylation. The main enzymes that participates in the 
process of lignin formation are: CAD, cinnamyl alcohol dehydrogenase; 4CL, 4-
coumarate:CoA ligase; C3H, p-coumarate 3-hydroxylase; C4H, cinnamate 4-
hydroxylase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-
CoA reductase; COMT, caffeic acid O-methyltransferase; HCT, p-
hydroxycinnamoyl-CoA: quinate shikimate p hydroxycinnamoyltransferase; 
F5H, ferulate 5-hydroxylase; PAL, phenylalanine ammonia-lyase (Boerjan et al 
2003).  
Another important enzyme recently described in the lignin pathway 
biosynthesis is CSE (caffeoyl shikimate esterase). Arabidopsis mutants for this 
gene presented reduced lignin content and enriched in H unit and depleted in S 
lignin. CSE hydrolyzes caffeoyl shikimate into caffeoyl-CoA (Vanholme et al., 
2013). Together with 4CL, CSE was supposed to be involved in an alternative 
pathway leading to the formation of caffeoyl-CoA, bypassing the second 
reaction performed by HCT. Carocha et al. (2015) found that EgrCSE gene was 
strongly and preferentially expressed in E. grandis developing xylem tissues, 
supporting its inferred role in lignin biosynthesis.  
In total we found 49 genes involved in lignin biosynthesis (Supplementary 
S2). PAL2 (Eucgr.C03570), PAL5 (Eucgr.G02850), PAL6 (Eucgr.G02851), 
PAL8 (Eucgr.J00907) and PAL9 (Eucgr.J01079). 4CL (Eucgr.L02467), 4CL2 
(Eucgr.K00087), 4CL-like4 (Eucgr.B03468), 4CL-like5 (Eucgr.B03502), 4CL-
like9 (Eucgr.B00139), (Eucgr.K02744), (Eucgr.K02745), 4CL-like10 
(Eucgr.G02758), 4CL-like11 (Eucgr.G02879), CCR2 (Eucgr.J03114), CCR-
like20 (Eucgr.C01240), CCR-like25 (Eucgr.I01783), CAD (Eucgr.l01279), 
(Eucgr.l01310), CAD-like4 (Eucgr.D00468), CAD-like5 (Eucgr.D00471), CAD-
like9 (Eucgr.D01087), CAD-like15 (Eucgr.E01104), CAD-like20 
(Eucgr.E01115), CAD-like25 (Eucgr.E02319), CAD-like29 (Eucgr.F01676), 
CAD-like30 (Eucgr.F01677), CAD-like32 (Eucgr.F01679), CAD-like34 
(Eucgr.G02223), CAD-like43 (Eucgr.I00570), CAD-like45 (Eucgr.I00572), CAD-
like47 (Eucgr.K01941), CCoAOMT (Eucgr.L02242), (Eucgr.C00927), 
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(Eucgr.C03934), CCoAOMT-like5 (Eucgr.C00925), CCoAOMT-like6 
(Eucgr.C03667), CCoAOMT-like8 (Eucgr.C03674), CCoAOMT-like9 
(Eucgr.C03680), COMT-like2 (Eucgr.A00759), COMT-like13 (Eucgr.A01865), 
COMT-like15 (Eucgr.A01873), COMT-like23 (Eucgr.A01884), COMT-like25 
(Eucgr.B01744), COMT-like62 (Eucgr.K00953), COMT-like64 (Eucgr.K00955), 
COMT-like65 (Eucgr.K00956), COMT-like66 (Eucgr.K00957) and COMT-like67 
(Eucgr.K01696) (Supplementary S2). According to the gene expression 
profile, we could observe that lignin genes were more expressed in high CO2 
treatment compared to ambient CO2 (gl10co3xgl20 and gl30co2xgl20) in E. 
globulus. In E. grandis these genes were also up-regulated under high CO2 
(gr10co3xgr20 and gr30co2xgr20) (Figure 20). These results are in accordance 
to previous work using Populus in an enriched CO2 atmosphere (Richet et al., 
2012). We found a higher number of COMT and CCoAOMT genes, which form 
a co-regulated transcriptional cluster (Paux et al 2005). The F5H gene (ferulate 
5-hydroxylase) was not detected in our results. Isoforms of COMT were up-
regulated especially in high temperature in E.globulus. This enzyme were found 
in all stages of cambial regeneration in poplar (Du et al., 2006). CCoAOMT was 
also up-regulated in  low temperature in E.globulus.  
We also found several laccases and in numerous peroxidases. These 
genes were predominantly induced by temperature (gl10xgl20 and gl30xgl20), 
followed by CO2 enrichment (gl10CO2 X gl20 and gl30CO2 X gl20).   We also 
observed a stronger expression in E. globulus and only a few genes up-
regulated in E. grandis. Andersson-Gunnerås et al. (2006) using Populus 
reported the importance of this class of gene with the co-expression of a 
laccase gene lac-3 with lignin biosynthetic genes. Different from de Carvalho et 
al. (2008), we found many genes of these two classes in our RNAseq analysis. 
Since we used different techniques and statistical analysis, our approach should 
be more sensitive to detect even little variations in gene expression and also the 
public available genome sequence of E. grandis has just increased in quality 
and number, helping to identify new genes.  
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Figure 20. Lignin biosynthetic pathway 
Enzyme abbreviations: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase, 
4CL, 4-coumarate:CoA ligase, HCT, p-hydroxycinnamoyl-CoA:quinate/shikimate p-
hydroxycinnamoyltransferase; C3H, p-coumarate 3-hydroxylase; CSE, caffeoyl shikimate 
esterase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-CoA reductase; 
CAD, cinnamyl alcohol dehydrogenase; COMT, caffeic acid O-methyltransferase; F5H, ferulate 
5-hydroxylase; LAC – laccase; POX, peroxidases. In red are highlighted the genes we found in 
our RNAseq analysis. 
 
Cell wall expansion genes: We found 6 gene families of expansins, including 
expansin like family (EXGT-A3, EXGT-A4, EXLA2, EXLB1, EXLB3, EXP11, 
EXPA1, EXPA15, EXPA17, EXPA20, EXPA4, EXPA8, EXPB, and EXPB3) 
(Table 5). This enzyme is responsible to promote cell wall relaxation and disrupt 
non-covalent binding of wall polysaccharide. Studies showed that two families 
of expansins are able to extend cell wall: EXPA and EXPB. The other two 
families EXLA and EXLB are not established (Cosgrove, 2005). Predominantly, 
expansin expression was highly induced by temperature (gl10xgl20 and 
gl30xgl20) and moderately induced under high CO2 concentration (gl10co2xgl20 
and gl30co2xgl20) in E. globulus. Another group of proteins responsible for cell 
enlargement and strengthening is XTH and XTR (XET-related). We found 28 
genes of the XTH and XTR families. 13 XTR6, 8 XTH, 1 XTH9, 1 XTH33, 1 
XTR2, 1 XTR3, 2 XTR4, 5 XTR6 and 1 XTR7 (Supplementary S3). They 
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promote the scission of the glucosidic bound of the xyloglucan chain and their 
re-formation. The same pattern observed occurred with the xyloglucan 
endotransglucosylase/hydrolase. They are more expressed in high and low 
temperature (gl10xgl20 and gl30xgl20, respectively), followed by elevated CO2 
in E. globulus. Our data on the genes of cellulose and hemicellulose  
biosynthesis,  like CESA and CSLA, CSLC and CSLD, respectively, showed 
high expression especially under elevated temperature, followed by treatment 
with high CO2 (gl30co2xgl20). Thus, it seems plausible that as new blocks are 
formed and incorporated to the cell wall, enzymes responsible for cell wall 
rearrangement are also up-regulated.  
 
Table 5. Classes of genes for cell wall polymer biosynthesis and remodeling 
Cell wall pathways   Gene family       No. of genes 
       Cellulose              
       cellulose synthase 
 
CESA 
   
29 
hexokinase  
 
HXK 
   
4 
phosphoglucomutase  
 
PGM 
   
2 
invertase 
 
INV 
   
5 
sucrose synthase  
 
SUS 
   
7 
hexokinase-like 
 
HKL 
   
2 
β-glucosidase 
 
BGLU 
   
19 
UDP-glucosyltransferase 
 
UGT 
   
200 
       Hemicellulose             
       cellulose synthase-like 
 
CSL 
   
3 
domain of unknown function 579 
 
DUF579 
   
3 
UDP-xylose synthase 
 
UXS 
   
2 
       
       Pectin             
       UDP-Glc 4-epimerases/UDP-Gal 4-epimerases 
 
UGE 
   
2 
Multidomain protein 
 
RHM 
   
1 
UDP-GlcA 4-epimerase 
 
GAE 
   
3 
UDP-GlcA decarboxylase 
 
UXS 
   
2 
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Lignin             
       phenylalanine ammonia-lyase 
 
PAL 
   
5 
4-coumarate:CoA ligase 
 
4CL 
   
9 
cinnamoyl-CoA reductase 
 
CCR 
   
3 
caffeoyl-CoA O-methyltransferase 
 
CCoAOMT 
   
7 
caffeic acid O-methyltransferase 
 
COMT 
   
10 
cinnamyl alcohol dehydrogenase 
 
CAD 
   
15 
laccase  
 
LAC 
   
47 
peroxidase 
 
POX 
   
39 
       Suberin             
       3-ketoacyl-CoA synthase 
 
KCS2 
   
5 
cytochrome P450 
 
CYP86A1 
   
2 
       
       Cell wall expansion   Gene family        No. of genes  
       expansin-like A 
 
EXLA 
   
1 
expansin GT or XET   EXGT       3 
expansin 
 
EXP 
   
1 
β-expansin 
 
EXPB 
   
11 
xyloglucan endotransglucosylase/hydrolase 
 
XTH 
   
25 
α-expansin 
 
EXPA 
   
8 
       Cell wall modifying enzymes   Gene family        No. of genes  
       
       Glycoside hydrolase              
       β-D-xylosidases  
 
GH3 
   
8 
endoglycoside hydrolases  
 
GH9 
   
10 
endoglycoside hydrolases  
 
GH28 
   
8 
       Pectin modifying enzymes             
       polygalacturonases 
 
PG 
   
7 
pectate lyases 
 
PL 
   
13 
pectin acetylesterase 
 
PAE 
   
5 
       Transcription factors   Gene family        No. of genes  
       WRKY 
 
WRKY 
   
39 
70 
 
 
 
 
 
 
 
 
 
 
Cell wall modifying genes  
 
Glucoside hydrolases genes: These enzymes are located in the plasma 
membrane or cell wall and play a role in the degradation of various cell wall 
polysaccharides.  They play a role in polysaccharide structural changes and 
composition (Minic, 2008) and ultimately in the control of plant cell loosening 
(Minic, 2008).We identified three groups of glucoside hydrolases: 8 GH3, 11 
GH9 and 8 GH28 (Table 2). 8 GH3 is a β-D-xylosidase and degrades xylan and 
11 GH9 and 8 GH28 are endoglycoside hydrolases and degrade cellulose and 
xyloglucan, respectively. These genes were up-regulated under low and high 
temperature and also under elevated CO2 treatments (Supplementary S3).  
 
Pectin modifying genes: We found 22 genes involved in pectin modification. 
They are divided into 7 polygalacturonases, 13 pectate lyases and 5 pectin 
acetylesterase (Table 2). Homogalacturonan is a class of complex 
polysaccharides that compose the pectin structure. Some enzymes can modify 
these complexes like pectin acetylesterase, which hydrolyze the O-acetylated 
bonds. The demethylesterified homogalacturonan can become the target of 
pectin-degrading enzymes like polygalacturonases and pectate lyases.  These 
alterations in pectin structure are important for the loosening of the cell wall 
which modifies its porosity and elasticity and ultimately leads to growth 
modifications (Sénéchal et al., 2014). According to our data, the highest 
expression of these enzymes was in elevated CO2 and high temperature 
(gl30CO2xgl20 and gl30xgl20), followed by low temperature (gl10xgl20) and low 
temperature associated to CO2 (gl10CO2xgl20) (Supplementary S3). In E. 
NAC 
 
NAC 
   
75 
MYB   MYB       93 
       Total 
 
40 
   
733 
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grandis only one polygalacturonase enzyme was up-regulated (Eucgr.H04905). 
Again, even though we had a low expression of pectin biosynthetic genes, few 
alterations in the structure should take place in some treatments, in this case, in 
high temperature followed by high CO2 concentration. 
  
Transcription factors 
Transcription factors (TF) are proteins which modulate gene expression. 
Due to the complexity of the cell composition little is known about how these 
regulatory sequences participate in SCW formation  in woody plants like 
Eucalyptus (Hussey et al., 2013), despite the extensive work in the model plant 
Arabidopsis. The formation of the secondary cell wall is a developmentally 
orchestrated process that occurs in fibers and tracheary elements, but the 
signals and transduction pathways that lead to this process is poorly understood 
(McCarthy et al., 2009). Despite this fact, the most abundant TF controlling 
gene expression in the secondary cell wall is MYB and NAC (Dubos et al., 
2010; Ooka et al., 2003).  These classes of regulatory elements are disposed of 
in tiers, which possesses the master regulators (SND1, VND6, and VND7) and 
subsequent tiers composed of MYB and NAC. Some of these TF possess 
specificity regard to the cell wall component they are involved, as an example 
two master switches (MYB46/MYB83) involved in the regulation of secondary 
cell wall biosynthesis, including lignin. BSE1 control cellulose structural genes 
CesA4, CesA7, CesA8 and COBL4 (Hussey et al., 2013). Wang et al (2010) 
showed that the disruption of WRKY transcription factors in A. thaliana 
increased the stem biomass in dicotyledonous plants. In Arabidopsis, MYB83 is 
a direct target of SND1 and act in secondary cell wall biosynthesis (McCarthy et 
al., 2009). In E. gunnii, MYB2 binds to EgCCR and EgCAD promoters, enzymes 
that participate in the lignin biosynthetic pathway and control secondary cell wall 
formation (Goicoechea et al., 2005). EgMYB1 was found to be another 
important player in lignin regulation. This factor was screened in a Eucalyptus 
cDNA xylem library and using transactivation analysis and GUS activity (Legay 
et al., 2007) showed that this TF is actually a repressor of the EgCCR and 
EgCAD genes. These findings highlight the existence of a fine-tuning in lignin 
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gene regulation and consequently the possibility of a modulation in wood quality 
for breeding purposes.  
 
  
In total, we found 39 WRKY factors, 75 NAC and 93 MYB transcription 
factors. According to Gray et al. (2012), we found several genes activated under 
high CO2 controlling lignin transcriptional regulatory system.  MYB32 was up-
regulated under high CO2 and low temperature (gl10CO2xgl20), MYB83 was up-
regulated in high temperature and high CO2 (gr30co2xgr20), MYB7 was up-
regulated in several treatments, low temperature (gl10xgl20), low temperature 
and high CO2 (gl10CO2xgl20 and gr10CO2xgr20) (Supplementary S3).  
For cellulose regulatory pathway, MYB52 was up-regulated in low 
temperature and high CO2 (gr10co2xgr20) and MYB2 was down-regulated in all 
treatments. We also found four classes of MYB that had their expression 
altered. MYB 61 was down-regulated under high temperature in both species. 
MYB55 was up-regulated in high CO2 and high temperature in E. grandis 
(gr30co2xgr20). MYB52 was up-regulated in low temperature and high CO2 
also in E. grandis (gr10co2xgr20) and MYB6 was up-regulated in E. globulus 
under low temperature under elevated CO2 (Supplementary S3). According to 
these data, we can say that MYB transcription factors are been up-regulated 
especially in high CO2 which corroborates to our data already discussed that 
under elevated CO2 lignin biosynthesis is stimulated (Richet et al., 2012).  The 
NAC domain was predominantly up-regulated in high temperature in both 
species (gl30xgl20 and gr30xgr20) and they are considered master regulators 
in transcription network cascade which lead to secondary cell wall formation 
and thickening (Mitsuda et al., 2005; Zhong et al., 2006). The last transcription 
factor found was WRKY transcription factors. We identified a few numbers of 
these factors in our analysis and the highest expression was in high 
temperature for both species (gl30xgl20) and (gr30xgr20). In E. globulus they 
were present in high temperature and high CO2 (gl30co2xgl20) (Supplementary 
S3). Hussey et al. (2013) observed that WRKY12 appeared as a master 
regulator in the primary cell wall and Gray et al. (2012) reported that only one 
WRKY transcription factor VvWRKY was supposed to be involved in lignin 
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biosynthesis. There is no report in Myburg et al. (2014) about WRKY factors 
using the stem of Eucalyptus. Eulgem et al. (2000) reported that WRKY factors 
are especially involved in plant defense against biotic and abiotic stresses as 
well as biosynthesis of secondary metabolism. Since plants are complex and 
many metabolic processes are occurring in parallel, these factors could be 
involved in another pathway other than plant secondary cell wall biosynthesis.  
Our data allow inferring that high temperature in both species E. globulus 
and E. grandis (gl30xgl20 and gr30xgr20) was more effective inducing MYB, 
NAC, and WRKY, what is in agreement with the results of individual genes 
expression, as described before. High temperature associated with high CO2 in 
E. globulus also induced the expression of several TF.  
 
Validation of gene expression using qRT-PCR 
Five genes related to cell wall synthesis, sucrose synthesis, and lignin 
biosynthesis were chosen for RT-qPCR analysis to verify the precision and 
reproducibility of the transcriptome analysis results. In each case, the qRT-PCR 
assay results closely related to the transcript levels assessment by the RNA-
seq analysis (Figure 21).  
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Figure 21. Verification of relative expression levels qRT-PCR. Error bars indicate 
standard deviation from 3 biological and technical replicates of qRT-PCR. Expression patterns 
of 5 genes related to cell wall synthesis, lignin biosynthesis and sucrose synthesis by qRT-PCR 
(red line) and RNA-Seq (black bars). (1) Gene ID: Eucgr.C03205, sucrose synthase1. (2) Gene 
ID: Eucgr.C01240, cinnamoyl-CoA reductase. (3) Gene ID: Eucgr.C01147, cellulose synthase 
1. (4) Gene ID: Eucgr.F04212, cellulose synthase 6. (4) Gene ID: Eucgr.K00041, caffeic acid O-
methyltransferase. Graphs were designed in R (https://www.r-project.org/). 
 
Hormones in plant wood formation: Hormones are small molecules that 
participate in many plant physiological processes, like development, growth, 
and abscission. In our data, we observed an up-regulation in high temperature 
and high CO2 of auxin-responsive family protein (Eucgr.D02471, Eucgr.I01352, 
Eucgr.I01485). This hormone is responsible for development and pattern 
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formation in plants (Dornelas et al., 2011). The distribution of this hormone from 
the site of production to the target tissue is performed by PIN family of auxin 
efflux facilitator, which was also up-regulated in our work (Eucgr.G02548 and 
Eucgr.F04265 under high temperature and high CO2 and Eucgr.I01919 under 
low temperature) (Kieffer et al., 2010). Uggla et al. (1996) used the technique of 
gas chromatography-mass spectrometry in Pinus and described a radial 
gradient of this hormone in the vascular cambium. Since vascular tissue 
(phloem and xylem) are formed by successive divisions of this region, the final 
wood product is a result of this organized patterned growth. We used the 
seedling stem of two species of Eucalyptus and the identification of hormonal 
genes and their transporters possible points that a hormonal regulation of plant 
cell wall is controlling cell fate besides the transcriptional regulation. 
Lignin oligomer profiling and S/G content 
An up-regulation in lignin gene expression under high CO2 was observed 
in both species as described in Richet et al. (2012), especially in E. globulus. To 
gain further information in lignin composition and structure we also decided to 
perform liquid chromatography-mass spectrometry (LC-MS) analysis described 
in Kiyota et al. (2012) (Table 7). For E. globulus we could observe that S/G 
content increased drastically with the addition of CO2 for all temperatures. 
Considering 10°C, 20°C and 30°C in association with high CO2, we observed an 
increase in the S/G ratio from 0,54, 0,49 and 0,59 to 0,77, 5,09 and 1,42, 
respectively. However, we could not observe a CO2 effect with E. grandis. In 
E.grandis under 10°C, the S/G ratio was 0,6 to 1,36 under high CO2, but for 
30°C, it was the opposite, from 1,32 to 0,71. For 20°C, we had a value of 3,72 
but we could not compare to 20°CO2 because of problems in obtaining the 
exact quantity of material to perform the analysis (Table 6).  
We also performed accurate mass measurements and fragmentation 
patterns as described in (Kiyota et al 2012) to verify lignin oligomers content in 
each treatment. We could not observe a great difference between the 
treatments and species, except for the lignin oligomer S(8-O-4)S(8-8)S, which 
was present in all temperatures associated to CO2 in E. globulus (Table 7). This 
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monolignol was present only in high temperature associated with CO2 in E. 
grandis.  
Despite the fact that E. grandis possesses a high planted are in Brazil, 
the lignification process in other species of Eucalyptus has great interest, 
especially E. globulus. This species is known for superior wood quality, low 
recalcitrance and a higher S/G ratio (Çetinkol et al., 2012; Rodrigues et al., 
1999). It seems that according to our analysis, elevated CO2 has a positive 
effect in increasing the S/G ratio in E. globulus.   
 
Table 6. Eucalyptus grandis and Eucalyptus globulus lignin S/G ratio by UPLC-
MS/MS. Triplicates were used for each treatment.  
 
  
quantity (nmol) per 100mg material 
 Sample  mass (mg) S G H S/G 
gl10co2 100 9,49 12,33 4,59 0,77 
gl10 100 6,53 11,98 7,37 0,54 
gr10 100 9,83 16,44 0,76 0,60 
gr10co2 100 6,54 4,82 0,65 1,36 
gr30co2 100 4,82 6,80 1,07 0,71 
gr30 100 4,47 3,40 0,00 1,32 
gl30 100 2,50 4,25 0,61 0,59 
gl30co2 100 5,66 4,00 0,50 1,42 
gl20co2 100 276,82 54,43 1,63 5,09 
gr20co2 100 21,05 43,25 28,64 0,49 
gl20 100 4,22 1,13 0,09 3,73 
 
Table 7. Eucalyptus grandis and Eucalyptus globulus seedlings by UPLC-MS/MS. 
Oligolignols were named according to Morreel et al. (2004). tr, retention time; MS2, 
fragmentation pattern (Tukey’s test, P <0.05, n=3). 
 
MS2 177 207 405 417 583 613 643 
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Conclusion 
To our knowledge, this is the first work that describes the combination of 
low and high temperature with two concentrations of CO2 (300ppm and 
700ppm) in Eucalyptus. Many works with woody plants described changes in 
wood, biomass accumulation, and photosynthetic processes but usually under 
high temperature and/or high CO2. Since Eucalyptus is a woody plant which 
composes many forests and economically important for industry, this work 
addresses interesting questions regarding plant response to climate change 
and how woody plants would respond to these stressful situations.  
We could observe that temperature had a stronger effect in plant cell wall 
biosynthetic genes and high CO2 stimulated lignin biosynthetic genes as 
described in Richet et al (2012). A brief view of plant carbon partition was also 
analyzed. E globulus under 30°C invested its energy in growth and metabolism 
and few genes related to cell wall biosynthesis were activated. The same 
species at 10°C had an up-regulation of genes regarding cell wall and starch 
biosynthesis. Many SUS genes were activated possibly channeling UDP-gluc 
and fructose to cell wall biosynthesis. The association of CO2 with both 
temperatures had a different result in plant metabolism. Low temperature and 
CO2 (gl10co2xgl20) could trigger the production of ATP through the respiration 
process and consequently growth. Regarding cell wall, lignin biosynthesis was 
tr (min) 3,3 3,26 3,2 3,79 3.57; 3.66 3.52; 4.34; 3.87 3,82 
Stem E. globulus  CO2 10°C 3,3 3,4 3,32 
 
3,72 3,5 3,7 
Stem E. globulus  10°C 3,3 3,25 3,34 
 
3,7 3,56 
 Stem E. grandis 10°C 
 
3,23 3,35 3,06 
   Stem E. grandis CO2 10°C 3,31 3,25 3,35 
 
3,84 3,5 
 Stem E. grandis CO2 30°C 3,31 3,25 3,34 
 
3,78 3,5 3,73 
Stem E. grandis 30°C 3,29 3,25 3,33 
 
3,8 3,5 
 Stem E. globulus 30°C 3,29 3,25 3,33 
 
3,71 3,5 
 Stem E. globulus CO2 30°C 
 
3,25 3,34 
 
3,73 3,5 3,7 
Stem E. globulus CO2 20°C 
 
3,25 3,34 
 
3,7 3,5 3,7 
Stem E. globulus 20°C 3,28 3,25 3,32 
 
3,72 3,5 3,7 
Stem E. grandis 20°C 3,32 3,25 3,33 
 
3,76 3,5 
 Control  
  
3,35 3,06 3,6 3,5 
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activated under high CO2 (Richet et al 2012). Under high temperature 
associated with CO2 plants had a plethora of processes activated. Growth was 
stimulated with the supply of hexoses phosphate by invertases and 
hexokinases. Possible pathways are the production of cell wall polymers using 
UDP-glc by the activation of SUSY genes and starch degradation producing 
energy for growth and metabolic processes. This treatment also directed the 
metabolism to produce lignin.  
E. grandis under 10°C had an up-regulation of starch biosynthetic genes. 
This could represent a protection in this species to low temperature since it is 
from a hot climate. At 30°C genes related to glycolysis, starch and sucrose 
metabolism (phosphofructokinase) and fermentation (ADH1) were up-regulated. 
Glycolysis is an important process for energy supply, breaking sugars for ATP 
production. One branch of the glycolytic pathway is the Krebs Cycle in the 
mitochondria (respiratory pathway), generating ATP and reducing power 
(NADPH) and the other branch involves the fermentation process, which 
releases ethanol and carbon dioxide into the cell. Carvalho et al (2008) found 
an expression of an ADH1 in the juvenile cambial region of Eucalyptus. Celedon 
et al (2007) found ADH1 protein in 3-years-old Eucalyptus tree stem.  
 Under 10°CO2, they showed an up-regulation of starch synthesis by 
starch synthases and also an up-regulation of vacuolar invertases. These 
enzymes could possibly indicate that there would be a sugar storage in these 
cells. This process could be an osmoregulatory response to low temperature. 
There were few genes directing precursors for cell wall biosynthesis. As 
described for E. globulus under high CO2 concentration, E. grandis also showed 
up-regulation of lignin biosynthetic genes under high CO2. Fermentation also 
played an important part in Eucalyptus metabolism in our treatments, with the 
presence of many ADH1.This process is also described in other works with 
Eucalyptus using juvenile cambial region (Budzinski et al., 2016). In this work, 
they show that the glycolytic pathway and fermentation are two important 
processes occurring in plants during summer time. Pyruvate is metabolized via 
ethanolic fermentation and generated NAD+ for ATP production via glycolysis 
and cellular maintenance.  
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We also performed analysis using liquid chromatography-mass 
spectrometry (LC-MS) and found that high CO2 exerted an important role in 
lignin oligomer profiling, with E. globulus showing more S unit all treatments and 
also an increase in the S/G ratio using elevated CO2. The hormonal and 
transcriptional regulation was also evaluated and auxin genes were up-
regulated. This hormone plays important role in cell patterning and in the 
cambial region was described as a differential concentration of auxin, 
modulating  tissue development (Uggla et al., 1996). Many transcription factors 
were also identified and up-regulated, particularly NAC, MYB, and WRKY type. 
These classes are considered master regulators in gene expression and control 
secondary cell wall deposition (Hussey et al., 2013). 
Taken together it was possible to attest that both species of Eucalyptus 
responded differently to changes in temperature and carbon dioxide 
concentrations due to their genetic background and physiological characteristics 
and this genus  could respond positively to the predicted future environment, as 
described in other works (Ghannoum et al., 2010b; Thomas et al., 2007). 
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Capítulo 2 
 
Stem aquaporins are differentially 
expressed in two Eucalyptus 
species in response to 
transpiration demand 
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Objetivos – Capítulo 2  
 
Identificar possíveis classes de aquaporinas expressas em nossos tratamentos de 
temperatura (10°C, 20° e 30°C) nas duas espécies estudadas: Eucalyptus grandis e 
Eucalyptus globulus associado à resposta ao VPD 
As seguintes etapas foram realizadas: 
 
1. Submeter as plantas das duas espécies (Eucalyptus globulus e Eucalyptus 
grandis) ao tratamento por alta temperatura (30°C) 
2. Busca por aquaporinas presentes nos dados de RNAseq 
3. Medição de aspectos fisiológicos como fotossíntese, VPD, condutância 
estomática, potencial hídrico da folha e transpiração.   
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Stem aquaporins are differentially expressed in two Eucalyptus 
species in response to transpiration demand 
 
 
 
Running head: Stem aquaporins expression in Eucalyptus species 
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Abstract 
 
The regulation of water column tension in the xylem is very important to 
avoid embolism formation. Plants can actively reduce the hydraulic resistance 
through the water pathway via aquaporins that facilitate the movement of water. 
Here, we used transcriptomic and proteomic approaches to evaluate whether 
Eucalyptus globulus and Eucalyptus grandis have different aquaporin 
expression in the stems when submitted to 10-12oC and 33-35oC and 
consequent high transpiration at higher temperatures. The first species is well 
adapted to a cold climate with low transpiration demand. The plants were 
watered well. Seven aquaporin genes were up-regulated in E. globulus (plasma 
membrane intrinsic proteins PIP1;2, PIP2;7, PIP1;4, PIP2;1, tonoplast intrinsic 
proteins TIP1;3a, TIP1;3b, and TIP2;1) and three were down-regulated (PIP2;5, 
PIP2;2, and PIP2;6). These are indeed expressed in low-temperature conditions 
according to the literature. Seven proteins identified here matched the 
transcriptome study. Any aquaporin was differentially expressed in Eucalyptus 
grandis species that is well adapted to hot climates. Our results suggest that 
aquaporins are involved in the radial transport of water in the stem of E. 
globulus in response to transpiration demand. The aquaporin genes 
summarized here are potential candidates for further functional studies aiming 
to detail their contribution to avoid embolisms. 
 
Keywords: Capacitance; cavitation; conductance; embolism; hydraulic; radial 
hydraulic.  
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Introduction  
The regulation of the water column tension in the xylem is very important 
to plant growth and survival (Anderegg et al., 2016; Choat et al., 2012). 
Transpiration in the leaves can generate high tension values that may be 
catastrophic when the tension exceeds the limit for embolism formation (Schenk 
et al., 2015). Embolism interrupts the water column and consequently the water 
transport to the shoot. To avoid this, some species close the stomata when the 
tension is under a certain limit (Sperry et al., 2016, 2017), but with a penalty in 
terms of reduced carbon assimilation in photosynthesis.  
The other way to deal with this stress is increasing the water flow into the 
xylem. This reduces the hydraulic resistance through the water pathway and 
therefore the xylem tension. This reduction in hydraulic resistance is controlled 
by aquaporins in the roots (Barrieu et al., 1998; Fraysse et al., 2005; Lee et al., 
2012; Rodrigues et al., 2013; Sarda et al., 1999) and leaves where they are 
also associated with CO2 transfer (Secchi and Zwieniecki, 2013a).  
Aquaporins are 30-kD membrane channels with a tetrameric conformation 
(Daniels et al., 1999; Fotiadis et al., 2001; Maurel et al., 2008). They control 
water movement across the membranes via gating, expression, and trafficking 
(Heinen et al., 2009). These proteins may also transport other solutes such as 
ammonia, arsenic, silicon, boron, CO2 and metalloids (Maurel et al., 2015). 
They are classified in five families NIP (odulin-26–like intrinsic membrane 
proteins), PIP (plasma membrane intrinsic proteins), XIP (uncategorized (X) 
intrinsic proteins), SIP (small basic intrinsic proteins),  and TIP (tonoplast 
intrinsic proteins) and they are widespread among all kingdoms. PIP and TIP 
aquaporin types typically have water channel activity. The PIP group is also 
divided into two subgroups, PIP1 and PIP2, and they are intrinsically associated 
with water movement. In woody plants such as grapevines and poplar, 28 and 
56 MIP-encoding genes have been described, respectively (Secchi et al., 2017). 
Aquaporins play an important role during water stress by allowing the 
movement of water from the reserves in the stem (xylem and phloem living 
cells) to the dead cells of the xylem conduits (Pfautsch et al., 2015). The latter is 
stored during the night and remobilized in the daytime. This buffers the effects 
of the difference between transpiration demand and root water uptake. Species 
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with high stem capacitance, i.e. the high content of water in storage cells, 
experience lower daily xylem tension (Meinzer et al., 2009), and most water is 
transferred radially via symplast in that situation (Pfautsch et al., 2015). 
The radial hydraulic resistance passes through the water pathway 
between xylem conduits and storage tissues and is usually considered to be a 
constant and not a regulated process (De Pauw et al., 2008; De Schepper and 
Steppe, 2010; De Swaef and Steppe, 2010; Génard et al., 2001; Steppe et al., 
2006). Some studies have shown aquaporins in stems (Barrieu et al., 1998; 
Sarda et al., 1999; Secchi et al., 2017), which reduces the radial hydraulic 
resistance (Steppe et al., 2012). Although Steppe et al. (2012) did not measure 
the expression of the aquaporins or the effect of an inhibitor on aquaporin 
activity, they did show an important decrease in the radial hydraulic 
conductance mainly when there was a high water potential difference between 
storage tissues in the bark (phloem) and xylem conduits (< -0.5 MPa), i.e., 
similar to the moments of high transpiration and high tension in the xylem 
conduits. Pfautsch et al. (2015) showed declining leaf water potential along with 
contraction of the phloem tissue on high transpiration demand. In that situation, 
the radial flow was also higher indicating the movement of water from storage 
tissues to conduits was a result of the increased xylem tension when there was 
a high transpiration demand. 
Despite this clear relationship between radial conductance and 
transpiration demand, possibly facilitated by aquaporins, a few groups have 
investigated which aquaporin genes are expressed in stems. Most reports were 
carried out under severe drought and recovery experiments. For example, 
temporal and spatial expression of isoforms PIP1 and PIP2 were observed in 
leaves, roots, bark, and xylem in populous. Their expression was up-regulated 
after water stress confirming a functional role in processes like drought and 
embolism repair (Secchi et al., 2011). In the stem parenchyma of grapevine, the 
isoforms PIP1;1 and PIP1;3 were up-regulated after drought stress or artificially-
induced embolization (Chitarra et al., 2014). 
 Despite this insight, aquaporin function has been mainly associated with 
water transport in organs like leaves and roots. Thus, it is possible that the 
active regulation capacity of the stem radial hydraulic conductance via specific 
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types of aquaporins is an important component of the strategies that deal with 
high xylem tensions. This is critical to drought resistance. In general, 
aquaporins are differentially expressed in response to stressful conditions (Afzal 
et al., 2016; Groszmann et al., 2016). Thus, species sensitive to high 
transpiration demand such as species from cold climates should differentially 
express aquaporin when submitted to high vapor pressure difference (VPD) 
relative to plants submitted to low VPD.  
On the other hand, species from hot climates should maintain expression 
levels similar in both conditions because they are not stressful to those species. 
We tested these hypotheses using transcriptomic and proteomic approaches to 
select key aquaporins expressed in stems in two species of Eucalyptus (E. 
grandis and E. globulus) submitted to two temperature treatments. This resulted 
in different VPD conditions. These species originated from contrasting climates, 
and the stomatal sensitivity is low in Eucalyptus grandis and high in E. globulus 
(Whitehead and Beadle, 2004). These species are from hot and cold climates, 
respectively. Thus, we sought to answer the following questions: (1) are 
aquaporin genes differentially expressed in stems from plants submitted to 
different transpiration demand? (2) Do species with contrasting response to 
vapor pressure differences also present different aquaporin gene expression in 
stems submitted to high transpiration demand? (3) What types of stem 
aquaporins are related to high transpiration demand? 
 
METHODS  
 
Plant material and growth conditions 
 
Six-months-old plantlets of Eucalyptus grandis and E. globulus (clonal 
seedlings produced from seeds from Sementes Caiçara – Brazil, 
www.sementescaicara.com) were used in this experiment. They were grown in 
plastic pots (1 L containing a mixture of soil and vermiculite, 2:1, V/V) and 
maintained under greenhouse conditions with a mean air temperature of 25°C 
and a relative humidity of 73%. We used six pots for each genotype. When they 
reached approximately 25 cm in height they were transferred to growth 
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chambers and grown for 35 days in two temperature regimes (10-12°C – low 
temperature - and 33-35°C - high temperature). The photoperiod was 12 hours 
of light provided by an LED (Light Emitting Diode) source (280 µmols photons 
m-2 s-1 of photosynthetic active radiation in the top of the shoots). Each pot had 
a plastic plate in the bottom where a layer of 1 cm of water was kept throughout 
the experiment to avoid any drought stress. The leaf-to-air vapor pressure 
difference (VPDleaf-air) was measured in each treatment with an infrared gas 
analyzer (LCpro+, ADC Biosciences, UK) during the morning using a constant 
light source of 1,300 µmols photons m-2 s-1. These parameters ensured that gas 
exchange was not limited by light. After exposure, the stem samples were 
collected and fast frozen in liquid nitrogen for transcriptome and proteomic 
analyses. The transcriptome and proteome data will be published elsewhere; 
only data regarding aquaporins are presented here. 
 
Transcriptome analysis: Total RNA was extracted from stem tissue according 
to Chang et al. (1993). Samples were treated with DNA-free™ Kit (Ambion, 
USA) to remove any genomic DNA, and pure RNA was sent for quality analysis 
and sequencing at the Life Sciences Core Facility (LaCTAD) of the State 
University of Campinas (UNICAMP). A Bioanalyzer 2100 (Agilent Technologies, 
USA) was used to test the RNA quality. Samples had RIN (RNA integrity 
number) values higher than eight. The Illumina platform HISEQ2500 generated 
coverage of 50 M reads and 100 paired-end. There were 12 samples in total 
with each condition having three biological replicates.  The gene prediction of 
Eucalyptus grandis (version 6, 44.974 loci and 54.935 transcripts) came from 
the databank Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html). This 
was considered the larger splicing variant of each loci using Bowtie2 program 
(Langmead and Salzberg, 2012). Avadis NGS software was used to visualize 
and analyze the mapped reads. P-values (P <0.05) were calculated using the 
DESeq statistical method, which is based on the negative binomial distribution 
with variance and mean linked by local regression. To analyze differential gene 
expression, we used a moderate t-Test and one-way ANOVA. Multiple test 
correction was done using Benjamini Hochberg FDR. Only expressions with fold 
change values higher than two were considered. To extract the aquaporin, 
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general classes from this dataset as well as differentially expressed genes were 
classified using the MapMan tool (Thimm et al., 2004). 
 
Proteome analysis: The proteomic analyses evaluated if all identified RNAs 
properly transduced aquaporins. The phenolic extraction of proteins was 
performed according to the protocol described by Hurkman and Tanaka (1986). 
After separation of phases, the proteins were precipitated overnight with 0.1 M 
ammonium acetate in methanol. The pellets were solubilized in 100 µL of 
sample buffer (125 mM Tris pH 6.8, 20% glycerol, 1% SDS (sodium dodecyl 
sulfate), and 1% DTT (Dithiothreitol), and the proteins were quantified according 
to Bradford (1976). Aliquots (50 µg of protein) were separated under denaturing 
in polyacrylamide gel electrophoresis and stained with Coomassie G-250. Each 
lane was recovered separately, and in-gel digestion of the proteins followed 
Shevchenko et al. (2007). Peptides were analyzed by reverse phase liquid 
chromatography coupled to a mass spectrometer using a Q-Exactive (Thermo 
Fisher Scientific) instrument operated in positive ion mode (Costa MG de S et 
al., 2017). The mass spectra acquisition was performed in a data-dependent 
mode with cycles consisting of one full scan followed by ten data-dependent 
scans. The peptide fragmentation was obtained using a stepped collision 
energy equal to 35 eV. The peptide identification used Pattern software for 
proteomics (Carvalho et al., 2012; Carvalho et al., 2015) via a spectral 
correlation approach with E. grandis protein sequences from the Phytozome 
website (Goodstein et al., 2012). We considered amino-acid mass modifications 
static and dynamic such as cysteine carbamidomethylation and methionine 
oxidation, respectively. The suggested peptide-spectrum matches were filtered 
for a 1% false-discovery rate and protein expression was measured via the 
NSAF (normalized spectral abundance factor) approach (Paoletti et al., 2006). 
 
Alignment and Phylogenetic analysis: Alignment and phylogenetic 
relationships were performed based on 10 Eucalyptus aquaporin protein 
sequences obtained from our RNAseq experiment: Eucgr.E00628, 
Eucgr.I01429, Eucgr.B02500, Eucgr.A01153, Eucgr.02985, Eucgr.G03037, 
Eucgr.J02074, Eucgr.J00051, Eucgr.D02507 and Eucgr.F3054. (The annotation 
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used was the Eucalyptus grandis genome from Phytozome database containing 
36,349 loci and 46,280 protein-coding transcripts (Myburg et al., 2014) 
(http://www.phytozome.net/) and annotated sequences from outliers species 
including Arabidopsis thaliana AAF02782, T06738, CAB71073 (Quigley et al., 
2002); Populus trichocarpa  POPTR_0009s13890, POPTR_0001s18730 (Lopez 
et al., 2012); Vitis vinifera EF364432, EF364439 (Shelden et al., 2009); 
Jatropha curcas ABM54183, HQ222607; Juglans regia AY189973, AY189974 
and Spinacea oleracea AAA99274, AAR23268 (Fraysse et al., 2005); 
Eucalyptus grandis Eucgr.K02438, Eucgr.L03254, Eucgr.C02914  (Rodrigues et 
al., 2013) using ClustalW (Thompson et al., 1994) with default parameters. 
Phylogenetic analyses used protein alignments in MEGA7.0 (Kumar et al., 
2016) by the neighbor-joining method (bootstrap 1,000 replicates).  
 
Daily variation in leaf water potential and gas exchange: We evaluated the 
leaf water potential and gas exchange of the plants (on sunny and hot days) as 
a function of high temperature and VPD under greenhouse conditions. The 
temperature and humidity fluctuated naturally. Plants at similar developmental 
stages as those in the temperature experiment were used to compare the daily 
variation of leaf water potential using a pressure chamber (PMS1000, PMS 
Instruments, USA). The soil in the pots was at full field capacity. In addition, gas 
exchange was measured using an infrared gas analyzer (IRGA; LCpro+, ADC 
Biosciences, UK). 
 
Results 
Phylogenetic analysis 
We performed a phylogenetic analysis to infer the evolutionary relationship 
among the aquaporins identified in our transcriptome dataset and determined 
the classes of transporters represented in our sequences and their function. A 
phylogenetic tree (Figure 1) was generated upon alignment of the deduced 
amino acids [see SUPPORTING INFORMATION Figure S1]. This allowed us 
to classify two classes of aquaporins: PIP and TIP. Five classes of aquaporins 
have been described: PIP, NIP, TIP, SIP, and XIP (Lopez et al., 2012; Maurel et 
al., 2008). In total, 6 PIPs and 4 TIPs were identified in this work [see 
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SUPPORTING INFORMATION Figure S1 and Figure 1]. The consensus 
sequence was generated using Arabidopsis thaliana, J. regia, Vitis vinifera, E. 
grandis, Populus trichocarpa, J. curcas, and Spinacia oleracea.  
Overall, the translated proteins comprise six characteristics of membrane-
spanning domains and carry the conserved Asn-Pro-Ala (NPA) motif between 
the 2nd and 3rd transmembrane domains and between the 5th and 6th 
transmembrane domains (Maurel et al., 2008). Some structural alterations were 
observed in some aquaporin members of our dataset. EucgrPIP2;6 
(Eucgr.L02985) lacks the 1st transmembrane domain and two EucgrTIP1;3 
(Eucgr.J02074 and Eucgr.J00051) lack the 1st transmembrane. Both have NPA 
motifs with an amino acid modification. The first NPA motif was from Asn-Pro-
Ala to Ser-Met-Leu. The second NPA motif was from Asn-Pro-Ala to Ala-Phe-
Val.  
The proteome analysis identified the following proteins: PIP1;2 
(Eucgr.E00628), PIP2;7 (Eucgr.I01429), PIP2;5 (Eucgr.B02500), PIP2;2 
(Eucgr.A01153), PIP2;6 (Eucgr.L02985), PIP1;4 (Eucgr.G03037), and TIP2;1 
(Eucgr.D02507). These match 7 out of 10 aquaporins described in the 
transcriptome analysis. According to our phylogenetic analysis (Figure 1), these 
proteins are typical aquaporins with water channel activity. They consist of six 
transmembrane domains and two NPA motifs except for EucgrTIP1;3 
(Eucgr.J02074 and Eucgr.J00051) that probably has a functional impairment 
due to the amino acid substitutions in both NPA motifs. This constitutes two 
pores in the protein structure, which are essential for the water movement 
across the cell membrane (Wudick et al., 2009). 
 
VPD and stem aquaporin expression under temperature treatment: The 
temperature treatments could differentiate VPDleaf-air (high temperature VPDleaf-
air = 0.87±0.25 kPa; low temperature VPDleaf = 0.36±0.17 kPa). Differential 
aquaporin expression was calculated as a fold change of high versus low 
temperature and was observed in E. globulus stem but not in E. grandis (Figure 
2). Seven genes were up-regulated at high temperature: PIP1;2, PIP2;7, 
PIP1;4, PIP2;1, TIP1;3a, TIP1;3b, and TIP2;1. Three genes were down-
regulated and were associated with low temperature: Eucgr.PIP2;5 
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(Eucgr.B02500), EucgrPIP2;2 (Eucgr.A01153), and EucgrPIP2;6 
(Eucgr.L02985) (Table 1). The E. globulus presented a total of 7453 
differentially expressed genes and E. grandis 546. There was a slight up-
regulation considering these genes for both species (Figure 2). 
 
Leaf water potential and gas exchange in response to VPD under 
greenhouse conditions: Plantlets of both species have photosynthesis and 
water potential determined over the course of a hot and sunny day when the 
temperature reached approximately 35oC (Figure 3). The data showed that E. 
grandis had a higher photosynthesis rate then E. globulus (Mann-Whitney U 
test, Z = -6.2, p<0.001) despite similar transpiration and stomatal conductance 
(Figure 3). The leaf water potential was also similar along the day but was more 
negative in E. globulus at the end of the day (U test, Z = -2.17, p=0.02). 
 
Discussion 
 
Responses to VPD 
 
The high temperature and VPD treatments were sufficient to induce 10 
aquaporin genes, which were differentially expressed in E. globulus. This 
species presents higher stomatal sensitivity and is well adapted to cold climates 
(Whitehead and Beadle, 2004). The temperature used in the transcriptome and 
proteome experiments is 33-35oC, which is not extremely stressful and is 
common on normal summer days in Brazil and other countries where E. 
globulus is cultivated. The differential expression suggests that VPD may be 
more important than the temperature itself. Here, on a hot and sunny and hot 
day (35oC) plantlets of E. globulus showed only a slight decrease in 
photosynthesis and water potential compared to E. grandis. We kept the 
plantlets well-watered in the transcriptome and proteome experiments, i.e., they 
were not water stressed, and thus the gene expression response may well be 
more directly linked to the tension formed in the xylem due to high VPD. 
Previous reports have used more intense stress conditions than we used 
here [see a review in Afzal et al. (2016)]. For example, Lian et al. (2004) 
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showed that a rice PIP protein (RWC3) was increased upon drought treatment 
using polyethylene glycol (PEG 20%) over 10 h. Another work using Coffea by 
dos Santos and Mazzafera (2013) imposed a hydric stress (leaf water potential 
up to -2.5 MPa) and showed an up-regulation of two PIPs (PIP2;1 and PIP2;2), 
suggesting a role of these two proteins in plant recovery. Yu et al. (2005) 
submitted transgenic tobacco plants overexpressing the Brassica napus 
aquaporin BnPIP1 to 10 days of water stress using PEG (20%) and concluded 
that these plants showed a higher capacity for water conductance. Thus, our 
results may also indicate that aquaporin responses start early during stress 
development. 
Our analysis also showed that more genes were differentially expressed in 
E. globulus indicating a greater physiological response in this species compared 
to E. grandis.  
The different response to temperature and VPD treatment could be 
explained by the genetic background of E. grandis and E. globulus later is 
adapted in Australia to cold regions (Whitehead and Beadle, 2004). The high 
evaporative demand could trigger a defense mechanism to preserve plant 
metabolic functions in this species. The geographic distribution of the genus 
comprises a vast territory in Australia, the origin of the Eucalyptus genus.  
E. grandis is naturally found in three areas of Australia: Newcastle (New South 
Wales), Bundaberg (Queensland), and Townsville (Queensland). The climate is 
hot and humid with an average high temperature of 30°C (8°C during the winter) 
(http://www.ipef.br/identificacao/cief/especies/grandis.asp). E globulus has a 
limited distribution around the southeast and south of Tasmania, Flinders, and 
King Island in Victoria State. The climate is temperate, and the maximum and 
minimum average temperatures are 21°C and 4°C, respectively, although the 
temperature may rise over 25°C during the summer and 40°C has been 
recorded between December and February over 1881 to 2013 
(https://en.wikipedia.org/wiki/Climate_of_Tasmania#cite_note-BoM-13, 
accessed 19th June 2017). 
Collectively, these results suggest that the differentially expressed 
aquaporins in eucalyptus stem may control non-optimal xylem tension. Indeed, 
Steppe et al. (2012) showed that stem radial hydraulic conductance was 
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decreased when aquaporins were inhibited, mainly when there was a high 
water pressure difference between the parenchyma and xylem conduits. Sakr et 
al. (2003) also found high levels of mRNA of JrPIP2;1 and JrPIP2;2 in a vessel 
associated with cells and parenchyma cells. This suggested that they might be 
involved in the movement of water from reserves to xylem vessels in the stem. 
This might play a similar role in the capacitance that we hypothesized here. 
Fraysse et al. (2005) also suggested that the expression of EucgrPIP1;2 is an 
adaptation to fluctuations in apoplastic water potential due to variations in 
transpiration. Thus, our data also strongly supports a functional connection 
between aquaporin up-regulation and high evaporative demand. 
  
Aquaporins down-regulated 
Seven of the identified aquaporins genes were up-regulated in the high 
temperature and VPD treatment, and three were down-regulated (Table 1 and 
Figure 1). We observed that PIP2;2, PIP2,5 and PIP2;6 were induced in leaves 
and roots of other species mainly in response to cold similar to other groups 
(Jang et al., 2004; Lee et al., 2012; Sakr et al., 2003). Lee et al. (2012) also 
reported the expression of AtPIP2;5 and AtPIP1;4 in roots, and in contrast with 
our results regarding PIP1;4, they showed that both were up-regulated under 
cold temperatures, but PIP1;4 was less responsive than PIP2;5. However, while 
we exposed our plants for 35 days to 10-12oC, Lee et al. (2012) used only five 
days. In addition, two aquaporins of J. regia, JrPIP2;1 and JrPIP2;2, were 
associated with winter embolism recovery (Sakr et al., 2003). 
 
Aquaporins up-regulated 
Several reports have related aquaporin up-regulation to drought, salt, 
and embolism recovery. Heterologous expression of two isoforms of J. curcas 
(PIP2;7 and TIP1;3) in Arabidopsis protected plants for salt and drought 
stresses. Roots of the transgenic plants grew better, had increased leaf relative 
water content, higher seed production, and better recovery after drought  (Khan 
et al., 2015). This might be attributed to a decreased hydraulic resistance. The 
expression of the isoform EucgrPIP1;2 in Spinacea oleracea was associated 
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with fluctuations in apoplastic water potential possibly due to variations in 
transpiration (Fraysse et al., 2005).  
 
Hydraulic roles of aquaporins 
 Aquaporins have been mainly investigated in leaves, roots, and petioles 
(Fraysse et al., 2005; Rodrigues et al., 2013; Secchi and Zwieniecki, 2013b) 
and much less in the stem. Sakr et al. (2003) used immunofluorescence to 
show that in the stem of J.regia, PIP members in parenchyma cells near xylem 
vessels have a pivotal role in restoring water flow from embolized xylem vessels 
during periods of freeze-thaw during winter. Moreover, several PIP1 and PIP2 
genes were up-regulated during water transport recovery in Populus trichocarpa 
and Vitis vinifera (Perrone et al., 2012; Secchi and Zwieniecki, 2011). 
Genetic studies aiming to understand embolism physiology in P. 
trichocarpa and V. vinifera petioles showed that aquaporin of PIP1, PIP2, and 
TIP subfamilies were strongly up-regulated during refilling (Perrone et al., 2012; 
Secchi and Zwieniecki, 2011). The process of water refilling of embolized xylem 
might require energy to surpass a gradient against water flow. This might be 
supplied by living parenchyma cells as suggested by studies with physical 
damage of stems or with metabolic inhibitors (Bucci et al., 2003; Nardini et al., 
2011; Salleo et al., 2009; Zwieniecki et al., 2004). 
 
The transcriptome is confirmed by the proteome 
PIP and TIP aquaporin members are the most common groups of this 
diverse family of proteins. In Arabidopsis, there are 13 PIP isoforms and 10 TIP 
isoforms. In Populus, there are 15 PIPs and 17 TIPs (Maurel et al., 2015). 
Secchi et al. (2017) described an extensive list of PIP1 and PIP2 groups in 
woody species, especially P. trichocarpa. Many of these proteins are localized 
in xylem and bark; gene expression characterization supports the idea that they 
are associated with embolism formation and recovery. In Arabidopsis, TIP1;1 
induced a membrane water permeability in oocytes. Sade et al. (2009) also 
described a SlTIP2;2 isoform in tomato localized in a vacuole that improves 
water movement when expressed in Arabidopsis protoplasts. 
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Our proteome data supports the transcriptome data, and they strongly 
suggest that aquaporins in the stem are involved in the radial hydraulic 
conductance in response to high transpiration demands. PIP and TIP were fully 
represented in our transcriptome, especially PIP which has been extensively 
correlated to water transport (Fraysse et al., 2005; Kaldenhoff et al., 1998; 
Martre et al., 2002). We also identified two members of the TIP family that are 
also linked to water transport (Khan et al., 2015; Leitão et al., 2014). Our 
proteome analysis identified seven (Eucgr.E00628, Eucgr.I01429, 
Eucgr.B02500, Eucgr.A01153, Eucgr.L02985, Eucgr.G03037, and 
Eucgr.F03054) of the ten aquaporins described in this paper (Table 1). 
 
Conclusions 
In this work, we provide transcriptome and proteome data supporting a 
role for aquaporins in E. globulus in response to transpiration demand. These 
are likely involved in the radial hydraulic conductance. The results indicated that 
radial hydraulic conductance is a regulated process supporting previous results 
in Juglans regia L. (Steppe et al. (2012). Our treatment was not as severe as 
other works using drought stress (Fraysse et al., 2005), but it was sufficient to 
trigger physiological responses in both species considering that the total genes 
were differentially expressed (Figure 2). This indicates that responses to 
increasing xylem tension start before the condition become severe. This was 
not the case in E. grandis, a species better adapted to warmer climates than E. 
globulus. On the other hand, we cannot be ruled out that only a basal 
expression of water transporters might be sufficient to keep E. grandis in a good 
physiological performance even under high transpiration demands. This 
explains the absence of these transcripts been differentially expressed. 
Our results also offer a list of target aquaporins (mainly PIP1;2, PIP2;7, 
PIP2;5, PIP1;4 and TIP2;1) to be investigated. Production of transgenic plants 
over-expressing or silenced for these genes or associated with in situ 
hybridization studies will certainly help explain the role of aquaporins in the 
radial hydraulic conductance and their contribution to avoid embolism. 
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SUPPORTING INFORMATION 
 
The following [SUPPORTING INFORMATION] is available in the online version 
of this article: 
 
Figure S1. Multiple sequence alignment of Eucalyptus grandis aquaporin 
protein family with other aquaporin proteins from various plant species. 
ClustalW was used to generate multiple sequence alignments. Identical and 
similar amino acid residues are shaded with black and gray, respectively. The 
black lines indicate the position of the six transmembrane spanning domains. 
Red lines indicate the NPA motif. 
 
FIGURES LEGENDS  
 
Table 1. Aquaporins differentially expressed (RNA and the correspondent 
proteins) in E. globulus submitted to high temperature in relation to low-
temperature treatment. This was defined by fold change values >2 and P <0.05 
(N =3). The results for E. grandis were not statistically significant. These are 
according to literature and are summarized by function and tissue where the 
aquaporin was described with the corresponding species. 
(1) Jang et al. (2004); (2) Lee et al. (2012); (3) Sakr et al. (2003); (4) Khan et al. 
(2015); (5) Fraysse et al. (2005). NA= not available. 
 
Figure 1. Phylogenetic tree of Eucalyptus grandis aquaporin protein 
family. GenBank accession numbers are Eucgr.A01153, Eucgr.B02500, 
Eucgr.D02507, Eucgr.E00628, Eucgr.F03054, Eucgr.G03037, Eucgr.I01429, 
Eucgr.J00051, Eucgr.J02074, Eucgr.L02985; Arabidopsis thaliana AAF02782, 
T06738, CAB71073; Populus trichocarpa POPTR_0009s13890, 
POPTR_0001s18730; Vitis Vinifera EF364432, EF364439; Jatropha curcas 
ABM54183, HQ222607; Juglans regia AY189973, AY189974; Spinacea 
oleracea AAA99274, AAR23268 and Eucalyptus grandis Eucgr.K02438, 
Eucgr.L03254, Eucgr.C02914. The phylogenetic tree was constructed using the 
MEGA 7.0 software with a consensus of 1000 bootstraps replicates using the 
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neighbor-joining (NJ) method. Bar = 0.1 substitutions per site. Aquaporin 
classes are identified by a blue line (TIP) and the red line (PIP). Black boxes are 
the aquaporins identified in our RNAseq experiment.  
 
Figure 2. RNA aquaporins and total genes differentially expressed in 
Eucalyptus globulus and E. grandis. The fold change was calculated as high 
temperature in relation to low-temperature treatment (see Methods). There were 
no aquaporins differentially expressed in E. grandis. 
 
Figure 3. (a) Daily variation in stomatal conductance (b), leaf water potential (b, 
dashed lines), photosynthetic rate (c), and transpiration (d) in Eucalyptus 
globulus (red lines) and E. grandis (black lines) under greenhouse conditions. 
The temperature and VPD conditions (a) were not controlled and fluctuated 
naturally. 
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AtTIP1;1       1 ------------------------------------------------------------ 
AtPIP1;4       1 ------------------------------------------------------------ 
EucgrPIP1;2    1 ------------------------------------------------------------ 
SoPIP1;2       1 ------------------------------------------------------------ 
EucgrPIP1;4    1 ------------------------------------------------------------ 
VvPIP1;1       1 ------------------------------------------------------------ 
SoPIP2;1       1 ------------------------------------------------------------ 
PoptrPIP2;1    1 ------------------------------------------------------------ 
EucgrPIP2;7    1 ------------------------------------------------------------ 
JcPIP2;7       1 ------------------------------------------------------------ 
AtPIP2;5       1 ------------------------------------------------------------ 
EucgrPIP2;5    1 ------------------------------------------------------------ 
EucgrPIP2;6    1 ------------------------------------------------------------ 
EucgrPIP2;2    1 MVCHSPSRGAVGPSPNPPPTPSFLHAADKYDPLPVTSLPSHANLQRASKASEPSLSLSLS 
JrPIP2;1       1 ------------------------------------------------------------ 
JrPIP2;2       1 ------------------------------------------------------------ 
EucgrTIP2;1    1 ------------------------------------------------------------ 
EucgrTIP4      1 ------------------------------------------------------------ 
EucgrTIP3;1    1 ------------------------------------------------------------ 
EucgrTIP1;3    1 ------------------------------------------------------------ 
EucgrTIP1;3    1 ------------------------------------------------------------ 
JcTIP1;3       1 ------------------------------------------------------------ 
EucgrTIP1;1    1 ------------------------------------------------------------ 
VvTIP2;1       1 ------------------------------------------------------------ 
VvTIP2;1       1 ------------------------------------------------------------ 
EucgrTIP2;1    1 ------------------------------------------------------------ 
PoptrTIP2;1    1 ------------------------------------------------------------ 
 
 
AtTIP1;1       1 ------------------------------------------MPIRNIAIGRPDEATRPD 
AtPIP1;4       1 ---------MEGKEEDVRVGANKFPERQPIGTSAQSTD-KDYKEPPPAPLFEPGELSSWS 
EucgrPIP1;2    1 ---------MEGKEEDVREGANKFPDRQPIGTSAQTD--KDYKEPPPAPLFEPGELASWS 
SoPIP1;2       1 ---------MEGKDEDVRLGANKYGEKQGLGTVAQD---RDYKEPPPAPLFEPGELTSWS 
EucgrPIP1;4    1 ---------MEGREEDVRVGANKFSERQPIGTAAQTQDGKDYREPPPAPLIEPSELTSWS 
VvPIP1;1       1 ---------MEGKEEDVRVGANKFSERQPIGTAAQGDD-KDYKEPPPAPLFEPGELCSWS 
SoPIP2;1       1 ----------MSKEVS-EEAQAHQHG-------------KDYVDPPPAPFFDLGELKLWS 
PoptrPIP2;1    1 ----------MSKDVI-EEGQTH--T-------------KDYVDPPPAPLFDVGELKLWS 
EucgrPIP2;7    1 ----------MTKEVS-EEAQTHHHG-------------KDYVDPPPAPLLDMGELKLWS 
JcPIP2;7       1 ----------MAKEVSEETQTTHA---------------KDYVDPPPAPLIDMAEIKLWS 
AtPIP2;5       1 ----------MTKEVV--GDKRSFSG-------------KDYQDPPPEPLFDATELGKWS 
EucgrPIP2;5    1 ----------MGKDME--SGEPPFGA-------------RDYQDPPPAPLVDPEELGKWS 
EucgrPIP2;6    1 ----------------MESGEPPFGA-------------RDYQDPPPAPLVDPEELGKWS 
EucgrPIP2;2   61 LSISRKQEAGMAKDMEVGGGHGSFQS-------------KDYQDPPPAPLVDAEELGQWS 
JrPIP2;1       1 ----------MAKDIE-AAGQGGFSA-------------KDYHDPPPAPLIDAEEFTQWS 
JrPIP2;2       1 ----------MAKDIE-AAGQGGFSA-------------KDYHDPPPAPLIDAEEFTQWS 
EucgrTIP2;1    1 --------------------MRVIKV-------------SSFLRAGSQFLDVMEELFSKS 
EucgrTIP4      1 --------------------------------------------MAKIALGNSREATEPD 
EucgrTIP3;1    1 ----------------------------------------MPAPARAYVFGRANEATHPD 
EucgrTIP1;3    1 ------------------------------------------MPISRIAVGSPAEVGQAD 
EucgrTIP1;3    1 ------------------------------------------MPISRIAVGSPAEVGQAD 
JcTIP1;3       1 ------------------------------------------MPIRNIAIGHPQEATHPD 
EucgrTIP1;1    1 ------------------------------------------MPIRNIAVGRPEETYHPD 
VvTIP2;1       1 --------------------------------------------MPKIAFGRFDDSFSLA 
VvTIP2;1       1 --------------------------------------------MPKIAFGRFDDSFSLA 
EucgrTIP2;1    1 --------------------MRVIKV-------------SSFLRAGSQFLDVMEELFSKS 
PoptrTIP2;1    1 --------------------------------------------MAGIAFGRFDDSFSLG
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AtTIP1;1      19 ALKAALAEFISTLIFVVAGSGSGMAFNKL--TENG----ATTPSG-LVAAAVAHAFGLFV 
AtPIP1;4      51 FYRAGIAEFIATFLFLYITVLTVMGVKRA--PNM------CASVG-IQGIAWAFGGMIFA 
EucgrPIP1;2   50 FYRAGIAEFVATFLFLYITILTVMGFANN--QNK------CKTVG-VQGIAWAFGGMIFA 
SoPIP1;2      49 FYRAGIAEFIATFLFLYISILTVMGYSRA--DNK------CKTVG-IQGIAWAFGGMIFA 
EucgrPIP1;4   52 FYRAGIAEFVATFLFLYITVLTVMGVSRS--PTK------CASVG-IQGIAWAFGGMIFA 
VvPIP1;1      51 FYRAGIAEFIATFLFLYVSVLTVMGVVRA--DSK------CSTVG-IQGIAWAFGGMIFA 
SoPIP2;1      37 FWRAAIAEFIATLLFLYITVATVIGHSKE--TVV------CGSVG-LLGIAWAFGGMIFV 
PoptrPIP2;1   35 FFRALIAEFIATLLFLYVTVATVIGHKKN--QDA------CGGVG-LLGIAWAFGGMIFI 
EucgrPIP2;7   37 FYRALIAEFIATLLFLYVTVATVIGHKKQ--TGP------CDGVG-LLGIAWAFGGMIFI 
JcPIP2;7      36 FYRALIAEFIATLLFLYITVATVIGYKKQ--TDP------CGGVG-LLGIAWAFGGMIFI 
AtPIP2;5      36 FYRALIAEFIATLLFLYVTIMTVIGYKSQ--TDPALNPDQCTGVG-VLGIAWAFGGMIFI 
EucgrPIP2;5   36 FYRALIAEFIATMLFLYITVLTVIGYKSQ--VDPALNGTECDGVG-ILGIAWAFGGMIFV 
EucgrPIP2;6   32 FYR--------------------------------------------------------- 
EucgrPIP2;2  108 FYRAIIAEFIATLLFLYITVLTVIGYKSQ--VETS--GDQCGGVG-ILGIAWAFGGMIFV 
JrPIP2;1      37 FYRAIIAEFIATLLFLYITVLTVIGYKSQ--TDKAKGGDDCGGVG-ILGIAWAFGGMIFV 
JrPIP2;2      37 FYRAIIAEFIATLLFLYITVLTVIGYKSQ--TDKAKGGDDCGGVG-ILGIAWAFGGMIFV 
EucgrTIP2;1   28 --------------------------------------------MGGIAFGRFDDSFSLG 
EucgrTIP4     17 CLKALVIEFVATFLFVFAGVGSAMAAERL--AADA-------FVG-LFGVAMAHALVVAV 
EucgrTIP3;1   21 SLRATLAELLSTFIFVFAGEGSALALDKLYPIDTG----VTRPASSLIAVALAHGLALFA 
EucgrTIP1;3   19 ------------------------------------------MAIYKIAIGTPGEASRPD 
EucgrTIP1;3   19 ------------------------------------------MAIYKIAIGTPGEASRPD 
JcTIP1;3      19 ALKAALAEFISTLIFVFAGEGSGMAFNKL--TNNG----ATTPAG-LVAASLAHGFGLFV 
EucgrTIP1;1   19 ALKAALAEFFSTLIFVFAGEGSGMAFNKL--TDNG----STTPAG-LVAAALAHGFGLFV 
VvTIP2;1      17 --------------------------------------------MPKIAFGRFDDSFSLA 
VvTIP2;1      17 --------------------------------------------MPKIAFGRFDDSFSLA 
EucgrTIP2;1   28 --------------------------------------------MGGIAFGRFDDSFSLG 
PoptrTIP2;1   17 SFKAYLAEFISTLLFVFAGVGSAMAYNKL--TGDA----ALDPAG-LVAIAVCHGFALFV 
 
 
AtTIP1;1      72 AVSVGANISGGHVNPAVTFGAFIGGNITLLRGILYWIAQLLGSVVACLILKFA------- 
AtPIP1;4     102 LVYCTAGISGGHINPAVTFGLFLARKLSLTRAVFYMIMQCLGAICGAGVVKGFQ-PTPYQ 
EucgrPIP1;2  101 LVYCTAGISGGHINPAVTFGLFLAKKLSLTRAVFYMVMQCLGAICGAGVVKGFMGHTKYE 
SoPIP1;2     100 LVYCTAGISGGHINPAVTFGLFLARKLSLTRAVFYMIMQCLGAICGAGVVKGFQ-PGPYQ 
EucgrPIP1;4  103 LVYCTAGISGGHINPAVTFGLFLARKLSLTRAVFYMVMQCLGAICGAGVVKAFG-KSQYE 
VvPIP1;1     102 LVYCTAGISGGHINPAVTFGLFLARKLSLTRAVYYMVMQCLGAICGAGVVKGFE-KGRYN 
SoPIP2;1      88 LVYCTAGISGGHINPAVTFGLFLARKVSLLRALVYMIAQCLGAICGVGLVKAFM-KGPYN 
PoptrPIP2;1   86 LVYCTAGISGGHINPAVTFGLLLARKVSLIRAVGYMVAQCLGAVCGVGLVKAFM-KPYYN 
EucgrPIP2;7   88 LVYCTAGISGGHINPAVTFGLFLARKVSLIRALSYMIAQCLGAICGVGLVKAFM-KPFYN 
JcPIP2;7      87 LVYCTAGISGGHINPAVTFGLFLARKVSLIRALAYMVAQCLGAICGVGLVKAFM-KNPYN 
AtPIP2;5      93 LVYCTAGISGGHINPAVTFGLLLARKVTLVRAVMYMVAQCLGAICGVALVKAFQ-SAYFT 
EucgrPIP2;5   93 LVYCTAGISGGHINPAVTFGLFLARKVSLVRAVMYMVAQCLGAICGCGLVKAFQ-KARYT 
EucgrPIP2;6   35 ----------GHINPAVTFGLFLARKVSLVRAVMYMVAQCLGAICGCGLVKAFQ-KARYT 
EucgrPIP2;2  163 LVYCTAGISGGHINPAVTFGLFLARKVSLVRAVLYMVAQCLGAVCGCGLVKQFQ-KAYYI 
JrPIP2;1      94 LVYCTAGISGGHINPAVTFGLFLARKVSLVRAVFYMAAQCLGAVCGCGLVKAFQ-KAYYS 
JrPIP2;2      94 LVYCTAGISGGHINPAVTFGLFLARKVSLVRAVFYMAAQCLGAVCGCGLVKAFQ-KAYYS 
EucgrTIP2;1   44 SLRSYFAEFISTFIFVFAGLGSAISAAA---PAAGATGENCH----ILVVAVAHAFALFA 
EucgrTIP4     67 MISAG-HISGGHLNPAVTLGLLFGGHITVVRSVLYMIDQLLASAAASFLLQYL------- 
EucgrTIP3;1   77 AVASSINISGGHVNPAVTLGALVGGRISFIRAIYYWVAQLLGAILASLLLRLV------- 
EucgrTIP1;3   37 TLKAALAEFISMLIFVFAGEGAGMAFNKV--TDDG----STTPAG-LVQASLAHAFALFV 
EucgrTIP1;3   37 TLKAALAEFISMLIFVFAGEGAGMAFNKV--TDDG----STTPAG-LVQASLAHAFALFV 
JcTIP1;3      72 AVSVGANISGGHVNPAVTFGAFVGGNITLLRGILYWIAQLLGSTVACLLLKFS------- 
EucgrTIP1;1   72 AVSVGANISGGHVNPAVTFGAFVGGNITLLRGILYWIAQLLGSTVACLLLKFA------- 
VvTIP2;1      33 SFKAYLAEFHSTILFVFAGVGSVMAYNKL--TSDA----ALDPAG-LVAVAVAHGFALFV 
VvTIP2;1      33 SFKAYLAEFHSTILFVFAGVGSVMAYNKL--TSDA----ALDPAG-LVAVAVAHGFALFV 
EucgrTIP2;1   44 SLRSYFAEFISTFIFVFAGLGSAISAAA---PAAGATGENCH----ILVVAVAHAFALFA 
PoptrTIP2;1   70 AVSVGANISGGHVNPAVTFGLALGGQITILTGIFYWIAQLLGSIVACYLLKVA------- 
TM1 TM2 
TM3 NPA 
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AtTIP1;1     125 --TGGLAVPAFGLSAGVGVLNAFVFEIVMTFGLVYTVYATAIDPKNGS----LGTIAPIA 
AtPIP1;4     161 TLGGGANTVAHGYTKG----SGLGAEIIGTFVLVYTVF-SATDAKRSARDSHVPVWTPLL 
EucgrPIP1;2  161 LLNGGANYVHHGYTKG----DGLGAEIVGTFVLVYTVF-SATDAKRNARDSHVPILAPLP 
SoPIP1;2     159 VGGGGSNYVHHGYTKG----SGLGAEIVGTFVLVYTVF-SATDAKRSARDSHVPILAPLP 
EucgrPIP1;4  162 LHNGGANMVSAGYSKG----DGLGAEIVGTFVLVYTVF-SATDAKRSARDSHVPILAPLP 
VvPIP1;1     161 SLGGGANVVNAGYTKG----DGLGAEIVGTFVLVYTVF-SATDAKRNARDSHVPILAPLP 
SoPIP2;1     147 QFGGGANSVALGYNKG----TALGAEIIGTFVLVYTVF-SATDPKRSARDSHVPILAPLP 
PoptrPIP2;1  145 SLGGGANMVAPGYSTG----TAVGAEIIGTFVLVYTVF-SATDPKRSARDSHIPVLAPLP 
EucgrPIP2;7  147 SLGGGANSVATGYSTG----TALGAEIIGTFVLVYTVF-SATDPKRSARDSHVPVLAPLP 
JcPIP2;7     146 HLGGGANSVNTGYSKG----TALGAEIIGTFVLVYTVF-SATDPKRSARDSHVPILAPLP 
AtPIP2;5     152 RYGGGANGLSDGYSIG----TGVAAEIIGTFVLVYTVF-SATDPKRSARDSHVPVLAPLP 
EucgrPIP2;5  152 RYGGGANELSDGYSKG----VGLGAEIIGTFVLVYTVF-SATDPKRNARDSHVPVLAPLP 
EucgrPIP2;6   84 RYGGGANELSDGYSKG----VGLGAEIIGTFVLVYTVF-SATDPKRNARDSHVPVLAPLP 
EucgrPIP2;2  222 EQGGGANGLSEGYSTG----TGLAAEIIGTFVLVYTVF-SATDPKRNARDSHVPVLAPLP 
JrPIP2;1     153 KYGGGANELADGYSKG----TGLAAEIIGTFVLVYTVF-SATDPKRNARDSHVPVLAPLP 
JrPIP2;2     153 KYGGGANELADGYSKG----TGLAAEIIGTFVLVYTVF-SATDPKRNARDSHVPVLAPLP 
EucgrTIP2;1   97 SLKAYLAEFISTLLFVFAGVGSAIAYGKL--TSDA----ALDPSG-LVAIAICHAFALFV 
EucgrTIP4    119 --TGGLATPVHTLGSGMTYLQGIIWEIVLTFSLLFAVYATIVDPRKSS----QGAQGPIL 
EucgrTIP3;1  130 --TAGMRPVGFILGSGVGEMNGLLLEIVMTFGLVYTVYATAIDPKRGS----LGIIAPLA 
EucgrTIP1;3   90 AIRAALAEFFSMLIFVFAGEGSGMAFNKL--TDDG----STTPAG-LVAAALAHAFGLFV 
EucgrTIP1;3   90 AIRAALAEFFSMLIFVFAGEGSGMAFNKL--TDDG----STTPAG-LVAAALAHAFGLFV 
JcTIP1;3     125 --TGGLTTSAFALSSGVGVWNAFVFEIVMTFGLVYTVYATAIDPKKGS----LGTIAPIA 
EucgrTIP1;1  125 --TGGLTTSAFSLSSGVSVWNAFVLEIVMTFGLVYTVYATAIDPKKGN----IGIVAPMA 
VvTIP2;1      86 SFKAYLAEFHSTILFVFAGVGSVMAYNKL--TSDA----ALDPAG-LVAVAVAHGFALFV 
VvTIP2;1      86 SFKAYLAEFHSTILFVFAGVGSVMAYNKL--TSDA----ALDPAG-LVAVAVAHGFALFV 
EucgrTIP2;1   97 SLKAYLAEFISTLLFVFAGVGSAIAYGKL--TSDA----ALDPSG-LVAIAICHAFALFV 
PoptrTIP2;1  123 --TGGLAVPIHSVAAGVGAIEGVVMEIIITFALVYTVYATAADPKKGS----LGTIAPIA 
 
 
AtTIP1;1     179 IGFIVGANILAGGAFSGASMNPAVAFGPAVVS----WTWTN-HWVYWAGPLVGGGIAGLI 
AtPIP1;4     216 V------------PVC-------------------------------------------- 
EucgrPIP1;2  216 IGFAVFLVHLATIPITGTGINPARSLGAAIIFDKD-FAWDD-QWIFWVGPFIGAALAALY 
SoPIP1;2     214 IGFAVFLVHLATIPITGTGINPARSLGTAIIYNKQINNWND-HWIFWVGPFIGAALAAVY 
EucgrPIP1;4  217 IGFAVFLVHLATIPITGTGINPARSLGAAIIYNKD-PAWDD-QWIFWVGPFIGAALAALY 
VvPIP1;1     216 IGFAVFLVHLATIPITGTGINPARSLGAAIIYNKD-HAWDD-HWIFWVGPFIGAALAALY 
SoPIP2;1     202 IGFAVFMVHLATIPITGTGINPARSFGAAVIFNSN-KVWDD-QWIFWVGPFIGAAVAAAY 
PoptrPIP2;1  200 IGFAVFMVHLATIPITGTGINPARSFGAAVIINDK-KAWDD-HWIFWVGPFVGALAAAAY 
EucgrPIP2;7  202 IGFAVFMVHLATIPITGTGINPARSFGAAVIYNNG-KVWDDQQWIFWVGPFVGALAAAAY 
JcPIP2;7     201 IGFAVFMVHLATIPITGTGINPARSFGAAVIYNND-KVWDD-HWIFWVGPFVGAIAAAAY 
AtPIP2;5     207 IGFAVFIVHLATIPITGTGINPARSLGAAIIYNKD-KAWDH-HWIFWVGPFAGAAIAAFY 
EucgrPIP2;5  207 IGFAVFMVHLATIPVTGTGINPARSLGAAVMYNKD-KAWDD-QWMFWVGPFIGAAIAAFY 
EucgrPIP2;6  139 IGFAVFMVHLATIPVTGTGINPARSLGAAVMYNKD-KAWDD-QWMFWVGPFIGAAIAAFY 
EucgrPIP2;2  277 IGFAVFMVHLATIPITGTGINPARSFGAAVMYGKQ-KAWDE-QWIFWVGPFIGAAIAAFY 
JrPIP2;1     208 IGFAVFMVHLATIPITGTGINPARSFGAAVIYGKD-KAWND-QWIFWVGPFIGAAIAAFY 
JrPIP2;2     208 IGFAVFMVHLATIPITGTGINPARSFGAAVIYGKD-KAWDD-QWIFWVGPFIGAAIAAFY 
EucgrTIP2;1  150 AVFTSAHISGGHVNPAVTMGLVMGGHVSILSGVCFCLAQLLGSTIACVLLMLL------- 
EucgrTIP4    173 VGLVVGANILAGGAFSGASMNPARSFGPALAS----WDWTD-HWVYWVGPLVGGGLAGLV 
EucgrTIP3;1  184 IGLIVAANILVGGPFDGASMNPALAFGPALVG----WRWRH-HWIYWLGPLIGGALAGLI 
EucgrTIP1;3  143 AVSVGANISGGHVNPAVTFGAFVGGHITLARSVMYWIAQCAGSVVACLLLKFA------- 
EucgrTIP1;3  143 AVSVGANISGGHVNPAVTFGAFVGGHITLARSVMYWIAQCAGSVVACLLLKFA------- 
JcTIP1;3     179 IGFIVGANILAGGAFDGASMNPAVSFGPALVS----WSWDN-HWVYWAGPLVGGGLLGSF 
EucgrTIP1;1  179 IGFIVGANILAGGAFDGASMNPAVSFGPALVS----WSWDN-HWVYWAGPLIGGGLAGLI 
VvTIP2;1     139 AVAISANISGGHVNPAVTFGLVVGGQITILTGILYWIAQLVGSILACFLLKLV------- 
VvTIP2;1     139 AVAISANISGGHVNPAVTFGLVVGGQITILTGILYWIAQLVGSILACFLLKLV------- 
EucgrTIP2;1  150 AVFTSAHISGGHVNPAVTMGLVMGGHVSILSGVCFCLAQLLGSTIACVLLMLL------- 
PoptrTIP2;1  177 IGFIVGANILAAGPFSGGSMNPARSFGPAVAS----GDFHD-NWIYWAGPLVGGGIAGLI 
TM4 
TM5 TM6 NPA 
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AtTIP1;1     234 YEVFFIN------TTHEQLPTTDY------------------------------------ 
AtPIP1;4         ------------------------------------------------------------ 
EucgrPIP1;2  274 HQIIIRA------IPFKARA---------------------------------------- 
SoPIP1;2     273 HTVVIRA------IPFKSK----------------------------------------- 
EucgrPIP1;4  275 HQVVIRA------IPFKSS----------------------------------------- 
VvPIP1;1     274 HQVVIRA------IPFKSK----------------------------------------- 
SoPIP2;1     260 HQYVLRAAAIKALGSFRSNPTN-------------------------------------- 
PoptrPIP2;1  258 HQYILRAGAIKALGSFRSHPTN-------------------------------------- 
EucgrPIP2;7  261 HQYILRAAAIKALGSFRSNPTN-------------------------------------- 
JcPIP2;7     259 HQYILRAAAIKALGSFRSNPTN-------------------------------------- 
AtPIP2;5     265 HQFVLRAGAIKALGSFRSQPHV-------------------------------------- 
EucgrPIP2;5  265 YQYILRAGAVKAFGSSRSNA---------------------------------------- 
EucgrPIP2;6  197 YQYILRAGAVKAFGSSRSNA---------------------------------------- 
EucgrPIP2;2  335 HQYILRAGAAKALGSFRSSSVV-------------------------------------- 
JrPIP2;1     266 HQYILRAGAAKALGSFRSSSTI-------------------------------------- 
JrPIP2;2     266 HQYILRAAAAKALGSFRSSSHM-------------------------------------- 
EucgrTIP2;1  203 AVAVGANISGGHVNPAVTFGLALGGQITILTGIFYWIAQLVGAIVACLLLKVV------- 
EucgrTIP4    228 YENFFIC------RSHDLLPTA-------------------------------------- 
EucgrTIP3;1  239 YEYLVIPTEAPLHTHHQPLAPEDY------------------------------------ 
EucgrTIP1;3  196 AVSVGANISGGHVNPAVTFGAFLGGNITLLRGILYWIAQLLGSVVACLLLKFA------- 
EucgrTIP1;3  196 AVSVGANISGGHVNPAVTFGAFLGGNITLLRGILYWIAQLLGSVVACLLLKFA------- 
JcTIP1;3     234 MSFFFIG-----HNTHEQLPTADY------------------------------------ 
EucgrTIP1;1  234 YEVFFIG-----HSSHEPLPTTDY------------------------------------ 
VvTIP2;1     192 AVAISANISGGHVNPAVTFGLVVGGQITILTGILYWIAQLVGSILACFLLKLV------- 
VvTIP2;1     192 AVAISANISGGHVNPAVTFGLVVGGQITILTGILYWIAQLVGSILACFLLKLV------- 
EucgrTIP2;1  203 AVAVGANISGGHVNPAVTFGLALGGQITILTGIFYWIAQLVGAIVACLLLKVV------- 
PoptrTIP2;1  232 YGNVFITDHTPLSGDF-------------------------------------------- 
 
 
AtTIP1;1         ------------------------------------------------------------ 
AtPIP1;4         ------------------------------------------------------------ 
EucgrPIP1;2      ------------------------------------------------------------ 
SoPIP1;2         ------------------------------------------------------------ 
EucgrPIP1;4      ------------------------------------------------------------ 
VvPIP1;1         ------------------------------------------------------------ 
SoPIP2;1         ------------------------------------------------------------ 
PoptrPIP2;1      ------------------------------------------------------------ 
EucgrPIP2;7      ------------------------------------------------------------ 
JcPIP2;7         ------------------------------------------------------------ 
AtPIP2;5         ------------------------------------------------------------ 
EucgrPIP2;5      ------------------------------------------------------------ 
EucgrPIP2;6      ------------------------------------------------------------ 
EucgrPIP2;2      ------------------------------------------------------------ 
JrPIP2;1         ------------------------------------------------------------ 
JrPIP2;2         ------------------------------------------------------------ 
EucgrTIP2;1  256 --APGQAIPTGGLAPHVTGMGGTATEFIGTFALVYTVC-AARDPRKGP----HGIAGPTA 
EucgrTIP4        ------------------------------------------------------------ 
EucgrTIP3;1      ------------------------------------------------------------ 
EucgrTIP1;3  249 --TGGLETSAFSLSSGVTVWNALVFEIVMTFGLVYTVYATAIDPKKGN----IGIIAPLA 
EucgrTIP1;3  249 --TGGLETSAFSLSSGVTVWNALVFEIVMTFGLVYTVYATAIDPKKGN----IGIIAPLA 
JcTIP1;3         ------------------------------------------------------------ 
EucgrTIP1;1      ------------------------------------------------------------ 
VvTIP2;1     245 --TGGLTTPVHSLGAGVGVIDAIVFEIVITFALVYTVYATAVDPKKGS----LGIIAPIA 
VvTIP2;1     245 --TGGLTTPVHSLGAGVGVIDAIVFEIVITFALVYTVYATAVDPKKGS----LGIIAPIA 
EucgrTIP2;1  256 --APGQAIPTGGLAPHVTGMGGTATEFIGTFALVYTVC-AARDPRKGP----HGIAGPTA 
PoptrTIP2;1      ------------------------------------------------------------ 
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AtTIP1;1         ------------------------------------------------------------ 
AtPIP1;4         ------------------------------------------------------------ 
EucgrPIP1;2      ------------------------------------------------------------ 
SoPIP1;2         ------------------------------------------------------------ 
EucgrPIP1;4      ------------------------------------------------------------ 
VvPIP1;1         ------------------------------------------------------------ 
SoPIP2;1         ------------------------------------------------------------ 
PoptrPIP2;1      ------------------------------------------------------------ 
EucgrPIP2;7      ------------------------------------------------------------ 
JcPIP2;7         ------------------------------------------------------------ 
AtPIP2;5         ------------------------------------------------------------ 
EucgrPIP2;5      ------------------------------------------------------------ 
EucgrPIP2;6      ------------------------------------------------------------ 
EucgrPIP2;2      ------------------------------------------------------------ 
JrPIP2;1         ------------------------------------------------------------ 
JrPIP2;2         ------------------------------------------------------------ 
EucgrTIP2;1  309 --TGGLAVPVHSLAAGVGAIEGVVMEIIITFALVYCVYATAADPKKGS----LGIVAPIA 
EucgrTIP4        ------------------------------------------------------------ 
EucgrTIP3;1      ------------------------------------------------------------ 
EucgrTIP1;3  303 --TGGLETSAFSLSSDVSVWNALVFEIVMTFGLVYTVYATAVDPKKGN----VGIVAPIA 
EucgrTIP1;3  303 --TGGLETSAFSLSSDVSVWNALVFEIVMTFGLVYTVYATAVDPKKGN----VGIVAPIA 
JcTIP1;3         ------------------------------------------------------------ 
EucgrTIP1;1      ------------------------------------------------------------ 
VvTIP2;1     299 --TGGLTTPVHSLGAGVGVIDAIVFEIVITFALVYTVYATAVDPKKGS----LGIIAPIA 
VvTIP2;1     299 --TGGLTTPVHSLGAGVGVIDAIVFEIVITFALVYTVYATAVDPKKGS----LGIIAPIA 
EucgrTIP2;1  309 --TGGLAVPVHSLAAGVGAIEGVVMEIIITFALVYCVYATAADPKKGS----LGIVAPIA 
PoptrTIP2;1      ------------------------------------------------------------ 
 
 
AtTIP1;1         ------------------------------------------------------------ 
AtPIP1;4         ------------------------------------------------------------ 
EucgrPIP1;2      ------------------------------------------------------------ 
SoPIP1;2         ------------------------------------------------------------ 
EucgrPIP1;4      ------------------------------------------------------------ 
VvPIP1;1         ------------------------------------------------------------ 
SoPIP2;1         ------------------------------------------------------------ 
PoptrPIP2;1      ------------------------------------------------------------ 
EucgrPIP2;7      ------------------------------------------------------------ 
JcPIP2;7         ------------------------------------------------------------ 
AtPIP2;5         ------------------------------------------------------------ 
EucgrPIP2;5      ------------------------------------------------------------ 
EucgrPIP2;6      ------------------------------------------------------------ 
EucgrPIP2;2      ------------------------------------------------------------ 
JrPIP2;1         ------------------------------------------------------------ 
JrPIP2;2         ------------------------------------------------------------ 
EucgrTIP2;1  363 VGFVYGANFMLTGPFTGGFMNPARSFGPAAVT----GDFSN-HWVHWVGPIAGGGVAGLV 
EucgrTIP4        ------------------------------------------------------------ 
EucgrTIP3;1      ------------------------------------------------------------ 
EucgrTIP1;3  357 IGLIVGANILAGGAFDGASMNPAVSFGPAVVS----WSWSS-HWVYWLGPFLGAGIAAVI 
EucgrTIP1;3  357 IGLIVGANILAGGAFDGASMNPAVSFGPAVVS----WSWSS-HWVYWLGPFLGAGIAAVI 
JcTIP1;3         ------------------------------------------------------------ 
EucgrTIP1;1      ------------------------------------------------------------ 
VvTIP2;1     353 IGLVVGANILAAGPFSGGSMNPARSFGPAVVS----GDFKD-NWIYWVGPLIGGGMGGSV 
VvTIP2;1     353 IGLVVGANILAAGPFSGGSMNPARSFGPAVVS----GDFKD-NWIYWVGPLIGGGMGGSV 
EucgrTIP2;1  363 VGFVYGANFMLTGPFTGGFMNPARSFGPAAVT----GDFSN-HWVHWVGPIAGGGVAGLV 
PoptrTIP2;1      ------------------------------------------------------------ 
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AtTIP1;1         ------------------------------------------------------------ 
AtPIP1;4         ------------------------------------------------------------ 
EucgrPIP1;2      ------------------------------------------------------------ 
SoPIP1;2         ------------------------------------------------------------ 
EucgrPIP1;4      ------------------------------------------------------------ 
VvPIP1;1         ------------------------------------------------------------ 
SoPIP2;1         ------------------------------------------------------------ 
PoptrPIP2;1      ------------------------------------------------------------ 
EucgrPIP2;7      ------------------------------------------------------------ 
JcPIP2;7         ------------------------------------------------------------ 
AtPIP2;5         ------------------------------------------------------------ 
EucgrPIP2;5      ------------------------------------------------------------ 
EucgrPIP2;6      ------------------------------------------------------------ 
EucgrPIP2;2      ------------------------------------------------------------ 
JrPIP2;1         ------------------------------------------------------------ 
JrPIP2;2         ------------------------------------------------------------ 
EucgrTIP2;1  418 IGFIVGANILAAGPFSGGSMNPARSFGPAVVS----GDFHD-NWIYWVGPLIGGGLAGLI 
EucgrTIP4        ------------------------------------------------------------ 
EucgrTIP3;1      ------------------------------------------------------------ 
EucgrTIP1;3  412 IGFIVGANILAGGAFDGASMNPAVSFGPAVVS----WSWDN-HWVYWLGPLIGAGIAAIV 
EucgrTIP1;3  412 IGFIVGANILAGGAFDGASMNPAVSFGPAVVS----WSWDN-HWVYWLGPLIGAGIAAIV 
JcTIP1;3         ------------------------------------------------------------ 
EucgrTIP1;1      ------------------------------------------------------------ 
VvTIP2;1     408 IGLVVGANILAAGPFSGGSMNPARSFGPAVVS----GDFKD-NWIYWVGPLIGGGMGGSV 
VvTIP2;1     408 IGLVVGANILAAGPFSGGSMNPARSFGPAVVS----GDFKD-NWIYWVGPLIGGGMGGSV 
EucgrTIP2;1  418 IGFIVGANILAAGPFSGGSMNPARSFGPAVVS----GDFHD-NWIYWVGPLIGGGLAGLI 
PoptrTIP2;1      ------------------------------------------------------------ 
 
 
AtTIP1;1         ------------------------------------------------ 
AtPIP1;4         ------------------------------------------------ 
EucgrPIP1;2      ------------------------------------------------ 
SoPIP1;2         ------------------------------------------------ 
EucgrPIP1;4      ------------------------------------------------ 
VvPIP1;1         ------------------------------------------------ 
SoPIP2;1         ------------------------------------------------ 
PoptrPIP2;1      ------------------------------------------------ 
EucgrPIP2;7      ------------------------------------------------ 
JcPIP2;7         ------------------------------------------------ 
AtPIP2;5         ------------------------------------------------ 
EucgrPIP2;5      ------------------------------------------------ 
EucgrPIP2;6      ------------------------------------------------ 
EucgrPIP2;2      ------------------------------------------------ 
JrPIP2;1         ------------------------------------------------ 
JrPIP2;2         ------------------------------------------------ 
EucgrTIP2;1  473 YESLMSQG----SGSDHIKEVG--YGNVFMH------SDHAPL-VNEF 
EucgrTIP4        ------------------------------------------------ 
EucgrTIP3;1      ------------------------------------------------ 
EucgrTIP1;3  467 YELFFIN------QTHEQLPTTEFYDNIFIG-----DNTHEPLPTADF 
EucgrTIP1;3  467 YELFFIN------QTHEQLPTTEFYDNIFIG-----DNTHEPLPTADF 
JcTIP1;3         ------------------------------------------------ 
EucgrTIP1;1      ------------------------------------------------ 
VvTIP2;1     463 YAIIYMG------SDHQPLASSEFYAIMYMG------SDHQPLASSEF 
VvTIP2;1     463 YAIIYMG------SDHQPLASSEFYAIMYMG------SDHQPLASSEF 
EucgrTIP2;1  473 YESLMSQG----SGSDHIKEVG--YGNVFMH------SDHAPL-VNEF 
PoptrTIP2;1      ------------------------------------------------ 
 
 
SUPPORTING INFORMATION Figure S1. Multiple sequence alignment of 
Eucalyptus grandis aquaporin protein family with other aquaporin proteins from 
various plant species. ClustalW was used to generate multiple sequence 
alignments. Identical and similar amino acid residues are shaded with black and 
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gray, respectively. The black lines indicate the position of the six 
transmembrane spanning domains. Red lines indicate the NPA motif. 
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Capítulo 3 
 
Avoiding bubbles: evidence that 
plants can regulate surfactants 
production in response to 
temperature and transpiration 
demand 
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Objetivos – Capítulo 3 
 
 
Discutir e sugerir possível papel de classes de proteínas presentes na seiva do xilema na 
dissolução de bolhas presentes durante processo de cavitação em planta, mais 
especificamente na espécie E.globulus, mais susceptível às altas temperaturas. 
 
1. Tratar plantas em diferentes temperaturas e concentrações de CO2 
2. Levantar dados de literatura sobre proteínas (surfactantes) presentes na seiva do 
xilema  
3. Correlacionar dados de literatura com resultado obtido de RNAseq  
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Introduction 
 
Most plants adapted to close stomata under high transpiration rate to 
avoid excessive tension building up in the xylem. High tension may induce 
embolism   formation and interrupt the water transport to leaves. Many reports 
in the literature described that species may differ regarding their resistant to 
embolism but it is still incomplete our understanding of how plants can transport 
water under tension without constant bubble formation. The presence of 
surfactant in the sap has been recently proposed as a mechanism to avoid that 
but only comprehensive analyses, including proteome and transcriptome of 
plants under high xylem tension, will shed light on the strategies of embolism 
resistance. Plants operate within a safety margin of xylem water potential 
(Choat et al., 2012). This margin can be estimated by the difference between 
the water potential, in which is lost 50% (or 88%) of hydraulic conductivity by an 
embolism (Choat et al., 2012), and the minimum water potential reached the 
driest period in the place where the species occurs. This range of safe water 
potentials is variable among species and does not mean necessarily xylem free 
of embolism, but somehow plants need to lead with bubbles either to avoid 
spreading between conduits or to refill the xylem conduits under certain 
conditions (Secchi et al., 2017). A breakthrough paradigm about embolism 
formation was published by Schenk et al.(2015). They hypothesized that stable 
nanobubbles would explain the presence of air in the sap and, under 
determined conditions of temperature, pressure, and the presence of 
surfactants, this air either become dissolved in the sap (the nanobubbles) or 
develop embolism. Surfactants, such as phospholipids, some proteins or 
sugars, could explain stable water transport under tension through partially 
hydrophobic surfaces in the xylem conduits (Schenk et al., 2016). Since 
characteristics to avoid embolism are classically related to xylem morphology, 
specifically intervessel pit membrane thickness and porosity (Choat et al., 2012; 
Jansen et al., 2009; Steppe et al., 2015), and this structure is part of dead cells, 
the embolism formation should not be a regulated process, i.e, plants could not 
alter the pit membrane morphology during a stress by low water potential. 
However, considering the roles of surfactants as proposed by Schenk et al., 
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(2015), it is very likely that plants could modulate the surfactant production in 
response to temperature and/or vapor pressure conditions, stabilizing 
nanobubbles and avoiding embolism formation. We found evidence of such 
modulation when we compared 58 the transcriptomic and proteomic of stems of 
Eucalyptus globulus and Eucalyptus grandis plantlets, grown at 30°C, thus 
having high transpiration rate (vapor pressure difference of the leaf - VPDleaf = 
0.87±0.25 kPa) in relation to plantlets at 10°C (VPDleaf = 0.36±0.17 kPa). The 
VPDleaf was measured with an Infrared Gas Analyzer (LCpro+, ADC 
Biosciences, UK) before sampling to transcriptome and proteome analyses. 
These plantlets were maintained at these temperatures in growth chambers, 
under LED light (280 μmol m-2 s-1 of photosynthetically active radiation) for 35 
days. Eucalyptus globulus presents high stomatal sensitivity, what is probably 
related to its origin in the cold regions of Australia, with low water vapor 
pressure deficits – VPD. Eucalyptus grandis is found in warmer regions of 
Australia, with high temperature and VPD (Whitehead and Beadle, 2004). A list 
of differentially expressed genes and proteins detected in the plantlet stems are 
summarised in the Tables 1 and S1. 
These proteins have been described to be present in the apoplast and 
xylem sap (Buhtz et al., 2004; Gonorazky et al., 2012; Iwai et al., 2003) and 
associated with surfactant production or action (Schenk et al., 2015, 2016). 
Several molecules are too big to cross pit membrane pores (Schenk et al., 
2015) and should be secreted into xylem conduits from living cells of 
surrounding parenchyma. Since we analyzed stems only, we are aware that 
other surfactants compounds produced in other plant organs may not have their 
genes represent here. 
 
Transcriptome and proteome analyses 
 
  For the transcriptome, we used biological triplicates for each temperature 
treatment (30°C and 10°C) for both species E. globulus and E. grandis. RNA 
extraction was performed according to Chang et al., (1993) and the samples 
were treated with DNA-free™ Kit (Ambion, USA) to remove genomic DNA. RNA 
quality was inspected and evaluated according to their purity and integrity and 
only samples with RIN>8 were considered ideal for cDNA library construction 
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and sequencing. The platform used for RNAseq was Illumina HISEQ2500. The 
coverage was 50M read paired-end per library. In total, we sequenced 6 
libraries and genome E. grandis information (Myburg et al., 2014) in the 
databank Phytozome (version 6, 44.974 loci and 54.935 transcripts) 
(https://phytozome.jgi.doe.gov/pz/portal.html) was used for gene identification. It 
was considered the larger splicing variant of each loci using Bowtie2 program 
(Langmead and Salzberg, 2012). We used Avadis NGS software to align and 
quantify raw data. P-values (P <0,05) were calculated using the DESeq 
statistical method, which is based on the negative binomial distribution with 
variance and mean linked by local regression. For gene differential expression 
we used Moderate t-Test and One-way ANOVA. Multiple test correction was 
done using Benjamini-Hochberg FDR. For differential gene expression 
identification, we considered fold change values >2. For prediction of aquaporin 
classes, the differentially expressed genes were classified using the MapMan 
tool (Thimm et al., 2004). The proteome analyses followed the protocol of de 
Santana Costa et al. (2017). Peptides generated in in-gel digestion reactions 
were separated by reverse phase liquid chromatography and mass 
spectrometer analyses were carried out using a Q-Exactive (Thermo Fisher 
Scientific) instrument. The identification of proteins was carried using the 
software Pattern lab for proteomics (Carvalho et al., 2012, 2015), by spectral 
correlation with the E. grandis protein sequences in the Phytozome website 
(Goodstein et al., 2012). We considered amino-acid mass modifications static 
and dynamic, such as cysteine carbamidomethylation and methionine oxidation, 
respectively. The suggested peptide-spectrum matches were filtered for a 1% 
false discovery rate and protein expression was measured by using the NSAF 
approach (Paoletti et al., 2006). 
 
 Responses to temperature and transpiration demand 
 
E. globulus presented a higher number of total differentially expressed 
genes than E. grandis (7453 versus 546 RNAs) at 30o113 C and high VPD, 
although without a strong tendency to up or down-regulation (Fig. 1). This might 
be an indication of a greater physiological response of E. globulus to 
acclimation in high temperature and VPD, considering optimal growth conditions 
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for this species (Whitehead and Beadle, 2004). E. grandis did not show 
substantial response comparing low and high temperatures and VPD, indicating 
that the treatment conditions were not limiting and sufficient to induce greater 
physiological changes. In fact, E. globulus showed higher sensibility to VPD 
(Whitehead and Beadle, 2004), although we also would expect some response 
to low temperature in E. grandis since it is not an optimal condition to this 
species. We found in E. globulus most of the up-regulated isoforms of osmotin 
(Table 1 and S1). Osmotins are proteins induced by several stresses, and they 
have been described to be related to increased drought and salt tolerance, 
among other phenotypic effects [see review in Anil Kumar et al. (2015)].
 Osmotin may play an osmoprotective role, such as sequestering Na+ 127 
ions in vacuoles and intercellular spaces, but so far too little it is known about 
the mode of action (Anil Kumar et al., 2015). Compounds related to possible 
surfactant function, such as Lipid Transfer Proteins – LTPs (Schenk et al., 
2016), presented several isoforms up-regulated (Table 1 and S1) but did not 
show a clear tendency for all isoforms (Fig. 1). In the same way, enzymes from 
phospholipids biosynthesis were also differentially expressed, but without a 
clear up-regulation tendency. Phospholipids are insoluble compounds very 
likely to have surfactant function in the sap (Schenk et al., 2016). Other proteins 
found in xylem sap or apoplast of some species (Buhtz et al., 2004; Gonorazky 
et al., 2012; Iwai et al., 2003), presented several isoforms up-regulated in our 
experiments. Among others functions described, aspartyl proteases (Hsiao et 
al., 2014), polygalacturonase-inhibiting protein (Dellapenna et al., 1986), 
peroxidases (Krainer et al., 2014) and subtilases (Othman and Nuraziyan, 
2010) are related to cell wall formation and development. Arabinogalactan 
proteins are related to cell adhesion and are increased in response to abiotic 
stress (Johnson et al., 2003). Chitinases are expressed in response to 
pathogens (Masuda et al., 2001), and serine carboxypeptidases and glycine-
rich proteins are related to cell elongation (Bienert et al., 2012). In conclusion, 
we report here that several genes and proteins related to the biosynthesis of 
surfactants were up-regulated in the stem of E. globulus by high temperature 
and VPD. Our data support that plants can modulate the production of 
surfactants in response to temperature and/or vapor pressure conditions, which 
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stabilize nanobubbles interfering with embolism formation. Further 
investigations might assess if such modulation covariates with xylem tension, 
and if plants can increase surfactant production, finely adjusted to xylem water 
potential. Certainly, it remains to be defined if different species produce similar 
compounds in response to equivalent stress thus avoiding embolism formation.
 We anticipate that some compounds may be common but depending on 
the species other compounds may also play a role. The genes and proteins 
listed here can be used as initial targets in other plants with available genome 
information and used to produce transgenic plants with 155 varying amounts of 
surfactants. 
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Table 1 – Number of transcripts differentially expressed and possibly related to 
surfactant production or action, in plantlets of E. globulus and E. grandis submitted to 
30
o
C and high vapor pressure deficit (VPD) in relation to 10
o
C and low VPD treatment. 
 
RNA 
Number of genes differentially regulated  
E. globulus E. grandis Protein size 
Up Down Up Down kPa 
Total genes differentially 
regulated 4147 3306 343 203 
 Arabinogalactan protein 2 - - -  5 - 30 
Aspartyl Protease 23 11 3 - 39 
Chitinase 11 8 - - 28 
Glycine-rich protein 1 2 1 - 20 - 36 
Lipid Transfer Protein 13 14 - -  7 - 9 
Osmotin 12 2 - - 25 
Peroxidase 13 20 1 1 35 
Phospholipid biosynthesis 3 3 - - - 
Polygalacturonase inhibiting 
protein 2 1 1 - 45 - 46 
Serine carboxypeptidase 17 30 1 5 57 - 65 
Subtilase 6 6 1 - 70 
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Figure 1 – Transcripts differentially expressed and possibly related to surfactant 
production or action, in plantlets of E. globulus and E. grandis submitted to 30
o
C and 
high vapor pressure deficit (VPD) in relation to 10
o
C and low VPD treatment. 
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Figure S1 
Mercator Mapman – Cellular Function 
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GL = globulus;  10, 20 and 30 (oC) 
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Figure S1. Summary pie chart containing different MapMan BINs. Legend display a percentage for sequences input into different biological processes 
categories. 
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GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 (oC) 
 
Figure S2. Summary pie chart containing different MapMan BINs. Legend display a percentage for sequences input into different biological processes 
categories.  
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GR = grandis; 20 and 30 (oC) 
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Figure S3. Summary pie chart containing different MapMan BINs. Legend display a percentage for sequences input into different biological processes 
categories.        
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GR = grandis; CO2 – enriched with CO2; 10, 20 and 30 (oC) 
Figure S4. Summary pie chart containing different MapMan BINs. Legend display a percentage for sequences input into different biological processes 
categories  
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Figure S2 
 
Cellulose biosynthetic pathway 
Enzyme abbreviations: BGLU,β-glucosidase; CESA, cellulose synthase; SPS, sucrose phosphate synthase; SPP, sucrose phosphate phosphatase; SUS, sucrose 
synthase; UGHD,UDP-glucose 6-dehydrogenase; PGM, phosphoglucomutase; DUF, domain of unknown function; UGP, UDP-glucose pyrophosphorylase; 
UXS, UDP-xylose synthase; UGT , UDP-glucosyl transferase; HEX, hexokinase; INV, invertase; IRX, irregular xylem; GH9, glycosyl hydrolase 9. 
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  Beta-glucosidades (BGLU)      Cellulose synthase (CESA) and cellulose synthase like (CSL) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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  Glycosyl hydrolyse 9 (GH9)      Hexokinase (HXK) and hexokinase like (HKL) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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            Sucrose synthase (SUS) and phosphoglucomutase (PGM)     Alkaline invertase (INV) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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       Domain of unknown function (DUF) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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Biosynthetic pathway of nucleotide sugars involved in pectin biosynthesis  
Enzyme abbreviations: UGEs, UDP-Glc 4-epimerases/UDP-Gal 4-epimerases; GAE, UDP-GlcA 4-epimerase; UXS, UDP-GlcA decarboxylase; AXS, UDP-D-
Apif/UDPD-Xyl synthase; RGPs, UDP-L-Arap mutases; GERs, GDP-4-keto-6-deoxy-Man 3,5-epimerases/4-reductases; GMDs, GDP-Man 4,6-dehydratases; 
GME, GDP-Man 3,5-epimerase; UGE, UDP-Glc 4-epimerases/UDP-Gal 4-epimerases; RHMs, tri-activity enzymes with UDP-Glc 4,6-dehydratase, UDP-4-keto-
6-deoxy-D-Glc 3,5-epimerase, and UDP-4-keto-L-Rha 4-keto-reductase activities; UER, bi-activity enzyme with UDP-4-keto-6-deoxy-D-Glc  and 3,5-epimerase 
activity.  
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UDP-GlcA 4-epimerase (GAE), GDP-Man 3,5-epimerase (GME), UDP-Glc 4-epimerases/UDP-Gal 4-epimerases  (UGE), UDP-GlcA decarboxylase (UXS), tri-
activity enzymes with UDP-Glc 4,6-dehydratase (RHM) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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Proteins involved in heteromannan structures (galactomannans and galactoglucomanns)  
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Enzyme abbreviations: mannan synthase (CSLA7, CSLD2, CSLD3, CSLD5); glucomannan synthase (CSLA9, CSLA2) 
 
mannan synthase (CSLA7, CSLD2, CSLD3, CSLD5); glucomannan synthase (CSLA9, CSLA2) 
*these genes were grouped together cellulose synthase genes (CESA and CSL) 
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GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
 
 
Proteins involved in xyloglucan biosynthesis 
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Enzyme abbreviations: CSLC4, glucan synthase; MUR3, galactosyl transferase; XXT1-5, xylosyl transferase; FUT1/MUR2, fucosyl transferase. 
 
 
glucan synthase (CSLC4) 
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*these genes were grouped together cellulose synthase genes (CESA and CSL) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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Proteins involved in xylan biosynthesis (glucuronoarabinoxylan and glucuronoxylan) 
Enzyme abbreviations: XAX, xylosyl transferase; XAT, arabinosyl transferase; IRX, GUT, GAUT, PARVUS, FRA, F8H, GLZ, xylan synthase; GUX, glucouronsyl 
transferase. 
 
Proteins involved in mixed-linkage glucans (MLG) biosynthesis 
Enzyme abbreviation: CSL, glucan synthase. 
 
 
 
No genes were detected for xylan and mixed-linked xylan 
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Lignin biosynthetic pathway 
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Enzyme abbreviations: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase, 4CL, 4-coumarate:CoA ligase, HCT, p-hydroxycinnamoyl-
CoA:quinate/shikimate p-hydroxycinnamoyltransferase; C3H, p-coumarate 3-hydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA O-
methyltransferase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; COMT, caffeic acid O-methyltransferase; F5H, ferulate 5-
hydroxylase; LAC – lacase; POX, peroxidases. 
 
 
PAL - phenylalanine ammonia-lyase (PAL) 
4CL - 4-coumarate:CoA ligase,  
C4H, cinnamate 4-hydroxylase,  
HCT, p-hydroxycinnamoyl-CoA:quinate/shikimate p-
hydroxycinnamoyltransferase;  
C3H, p-coumarate 3-hydroxylase;  
CSE, caffeoyl shikimate esterase;  
CCoAOMT, caffeoyl-CoA O-methyltransferase;  
CCR, cinnamoyl-CoA reductase;  
CAD, cinnamyl alcohol dehydrogenase;  
COMT, caffeic acid O-methyltransferase; 
F5H, ferulate 5-hydroxylase 
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GR = grandis; GL = globulus; CO2 – enriched with CO2;  
10, 20 and 30 temperatures (oC) 
 
 
 
 
 
LAC – laccases 
IRX – laccases like 
GR = grandis; GL = globulus; CO2 – enriched with CO2;  
10, 20 and 30 temperatures (oC) 
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PRX – peroxidases 
GR = grandis; GL = globulus; CO2 – enriched with CO2;  
10, 20 and 30 temperatures (oC) 
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Overview of the suberin biosynthetic pathway 
Enzyme abbreviations: FAR, fatty acyl reductases; CYP, cytochrome P450 enzymes; GPAT, glycerol 3-phosphate acyltransferases; LACS, long-chain acyl-CoA 
synthetases; FACT, Fatty Alcohol:Caffeoyl-CoA Caffeoyl Transferase; ASFT, Aliphatic Suberin Feruloyl Transferase; ABCG, ATP-binding-cassette (ABC) 
transporters; KCS, 3-keto acyl-CoA synthase; AHCs, alkyl hydroxycinnamates.  
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KCS, 3-keto acyl-CoA synthase 
CYP, cytochrome P450 enzymes 
 
GR = grandis; GL = globulus; CO2 – enriched with CO2;  
10, 20 and 30 temperatures (oC) 
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Figure S3 
 
BXL1 (β-d-Xylosidase), XYL1(α-xylosidase), FUC1(α-fucosidase), QRT2 (polygalacturonase),
 PAE(pectin acetylesterase) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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GH9 (glycosyl hydrolase) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
 
GH3 (glycosyl hydrolase 3), GH28 (glycosyl hydrolase 28) 
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GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
 
XTR (xyloglucan-endo/transglycosilase), EXGT (expansin GT), EXPA (alpha expansin), EXLB 
(beta expansin), EXLA(expansin-like A), XTH (xyloglucan endotransglucosylase/hydrolase) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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UGT (UDP-glucosyl transferase) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
 
 
UGT (UDP-glucosyl transferase) 
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GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
 
MYB (MYB transcription factor) 
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MYB (MYB transcription factor) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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MYB transcription factor 
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GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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NAC (NAC transcription factor), WRKY (WRKY transcription factor) 
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GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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NAC (NAC transcription factor) 
GR = grandis; GL = globulus; CO2 – enriched with CO2; 10, 20 and 30 temperatures (oC) 
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